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ABSTRACT 


The  performance  of  a  water-flood  has  been 
investigated  by  many  workers  using  various  types  of  model 
In  the  present  study,  a  physical  model  made  of  lucite  and 
packed  with  fine  uniform-size  glass  beads  was  used.  Only 
two  phases:  water  and  oil  were  present.  Two  different 
patterns:  isolated  normal  five-spot  (4  injectors  and  1 
producer)  and  four  inverted  five-spot  (4  injectors  and 
9  producers)  were  studied. 

The  fluids  used  (distilled  water  and  kerosene) 
were  immiscible.  Relative  permeability  curves  were 
determined  using  a  linear  lucite  tube  packed  with  same 
glass  beads  as  in  the  actual  model.  To  trace  the  flood 
front,  injection  water  was  colored  with  a  fluorescent 
dye,  insoluble  in  oil  phase.  Flood  front  was  traced 
from  time  to  time  during  a  run  using  a  polaroid  camera, 
thus  enabling  the  calculation  of  areal  sweep  efficiency 
at  any  stage. 

The  results  show  that  in  case  of  an  isolated 
normal  five-spot,  a  large  quantity  of  oil  lying  outside 
the  flood  pattern  is  swept  into  the  producing  well, 
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giving  a  far  too  optimistic  recovery.  Four  inverted 
five-spot  pattern,  gives  a  performance  closer  to  the 
confined  case.  A  significant  change  in  oil  recovery  and 
areal  sweep  efficiency  is  noticed  with  a  change  in 
mobility  ratio  from  0.32  to  0.98,  for  the  case  of  an 
isolated  normal  five-spot.  The  behavior  of  the  model 
in  giving  different  recoveries  on  varying  the  back 
pressure  in  case  of  an  isolated  normal  five-spot  is 
explained  and  the  shortcomings  of  the  model  are  discussed. 
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INTRODUCTION 


Oil  recovery  by  water  flooding  is  still  one 
of  the  most  important  secondary  recovery  processes  employed 
in  Petroleum  Industry.  One  method  commonly  used  to  study 
the  field  performance  of  a  water  flood  is  the  pilot  flood. 
The  pilot  water  flood  generally  involves  a  small  number 
of  reservoir  wells  in  an  isolated  area  within  the  field. 

The  results  of  the  performance  of  the  pilot  are,  in  some 
way,  related  to  the  performance  of  a  field-wide  water 
flood.  One  of  the  major  well  patterns  utilized  for  water 
flooding  is  a  five-spot  pattern.  In  the  literature, 
most  of  the  workers,  who  have  studied  the  five-spot  pattern 
in  the  laboratory  have  used  a  quarter  of  a  five-spot  in 
which  there  is  an  injection  well  and  a  producing  well  at 
diagonally  opposite  corners.  Such  an  arrangement  is 
valid  for  both  normal  and  inverted  five-spot  patterns  in 
a  fully-developed  field.  They  have  assumed  that  being 
fully  symmetrical  there  is  no  flow  of  fluids  across 
the  boundary  of  a  five-spot  or  in  other  words  the 
pattern  is  confined.  This  assumption  is  true  only  in 
case  of  a  completely  developed  field.  In  general  practice, 
while  investigating  the  performance  of  a  pilot  flood  to 
test  the  economic  feasibility  of  water  flooding  in  a 
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particular  field,  this  assumption  does  not  hold.  Pilot 
floods  contain  only  one  or  a  few  five-spot  unit  patterns 
which  are  unconfined.  It  has  been  noticed  that  if  a 
single  five-spot  unit  is  employed  for  testing  the 
economic  feasibility  of  a  water  flood  and  if  the  oil 
recovery  is  assumed  to  be  coming  from  within  the  network 
area,  the  results  might  be  too  optimistic.  The  major 
reason  for  this  behavior  is  the  migration  of  fluids 
into  or  out  of  the  network  area  as  these  unconfined 
patterns  are  not  balanced  by  other  similar  units.  If  a 
number  of  five-spot  units  in  the  pilot  are  tested,  a 
better  estimate  of  the  performance  expected  from  a  fully- 
developed  field  may  be  made.  However,  there  is  a 
practical  limit  to  the  number  of  wells  placed  in  the 
pilot.  A  compromise  has  to  be  sought  between  the 
accuracy  of  results  and  number  of  injection  wells 
employed.  Bernard  and  Caudle  [4]  have  suggested  a 
grouping  of  four  inverted  five-spot  as  the  most  desir¬ 
able  pattern. 

In  the  present  study,  two  different  patterns  - 
an  isolated  normal  five-spot  (4  injectors,  1  producer) 
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and  a  four  inverted  five-spot  (4  injectors,  9  producers), 
illustrated  in  Figure  1  were  studied  for  oil  recovery 
and  areal  sweep  efficiency  at  a  mobility  ratio  of  0.98. 

It  was  the  purpose  of  this  study  to  examine  the  influence 
of  well  pattern  on  oil  recovery  and  areal  sweep  efficiency. 
The  performance  of  the  four  inverted  five-spot  was  compared 
with  that  of  an  isolated  normal  five-spot  pattern.  The 
influence  of  mobility  ratio  on  the  performance  of  an 
isolated  normal  five-spot  was  also  studied.  Finally,  the 
reasons  for  the  change  in  oil  recovery  and  areal  sweep 
efficiency  with  a  variation  in  back  pressure  on  the 
model,  as  reported  by  Serra  [43]  were  investigated. 


LITERATURE  SURVEY 


If,  in  a  water  flood,  it  is  assumed  that  the 
reservoir  fluids  are  incompressible  and  immiscible,  the 
recovery  of  oil  will  be  directly  proportional  to  that 
portion  of  the  reservoir  contacted  by  the  injection 
water.  The  area  contacted  by  the  flooding  water  as  a 
fraction  or  percent  of  the  total  network  area  is  defined 
as  the  "areal  sweep  efficiency". 

The  recovery  of  oil  by  water  flooding  is  a 
function  of  several  factors: 

1)  The  amount  of  oil  originally  present 
in  the  reservoir. 

2)  The  rate  of  water  injection. 

3)  The  viscosity  of  oil,  injection  water, 
and  connate  water. 

4)  The  mobility  ratio  (M  =  A  displacing/ 

X  displaced  =  where  X  =  Mobility)* 

5)  The  amount  of  original  free  gas  saturation. 

6)  Interfacial  tension  between  oil  and  water. 

7)  Pore  size  distribution  which  together  with 
interfacial  tension  affects  the  capillary 
pressure  characteristics  of  the  rock. 

*  Defined  in  a  later  section 
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8)  Wettability  of  the  rock, 

9)  Gravity  effects. 

10)  The  well  configuration. 

A  number  of  workers  [5,  18,  22,  23,  24,  25,  26, 
27,  28,  38,  46]  have  investigated  the  influence  of  these 
various  factors  on  waterflood  recovery  using  short  or 
long  linerar,  consolidated  or  unconsolidated,  cores. 

Other  workers  [2,  4,  11,  13,  14,  15,  22,  34,  44,  45,  47, 

48]  have  used  various  model  techniques  to  study  the  areal 
sweep  efficiency  and  oil  recovery  performance  of  water- 
floods.  The  major  modelling  techniques  which  have  been 
considered  are  analytical  [31,  20],  potentiometric  [32,  2], 
electrolytic  [48] ,  resistance  network  [34] ,  gelatin  model 
[14],  "fluid  mapper"  [11],  and  the  X-ray  shadow-graph  [44]. 

Cheek  and  Menzie  [11]  have  described  a  "fluid 
mapper"  model  to  study  the  influence  of  mobility  ratio 
on  sweep  efficiency.  The  model  consists  of  a  base  slab 
of  dental  stone  shaped  to  represent  the  prototype.  A 
plate  glass  slightly  larger  than  the  slab  is  placed  above 
and  parallel  to  the  slab  by  means  of  thin  uniform  spacers. 
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Dye  was  used  to  trace  the  flow  patterns.  The  main 
difficulty  with  this  method  was  the  determination  of  the 
time  of  breakthrough. 

Slobad  and  Caudle  [44]  have  described  an  "X-ray 
Shadowgraph"  technique  which  utilizes  the  principles  of 
radiography  to  study  the  effect  of  factors  which  influence 
the  areal  sweep  efficiency  in  secondary  recovery  operations. 
The  advantage  of  this  method  was  that  any  type  of  porous 
system  may  be  studied.  Either  the  displacing  or  the 
displaced  fluid  contains  an  X-ray  absorbing  chemical  to 
trace  the  flood  front  by  focussing  a  beam  of  X-ray  from 
below  the  model  and  photographing  it  from  the  top.  The 
extension  of  this  technique  to  include  the  determination 
of  the  fluid  saturation  by  means  of  optical  density  of 
the  radiographic  plate  allows  the  quantitative  study  of 
displacement  efficiencies  within  the  swept  area. 

Van  Meurs  [45]  has  described  a  technique  which 
permits  visual  observation  of  oil  displacement  through¬ 
out  the  interior  of  a  porous  structure  as  thick  as  two 
inches.  A  model  having  glass  walls  is  filled  with 
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finely  powdered  glass.  Such  a  model  becomes  completely 
transparent  if  the  powdered  glass  pack  is  saturated  with 
an  oil  having  the  same  refractive  index  as  the  glass. 
When  water  or  gas,  with  a  refractive  index  different 
from  that  of  the  oil  (glass)  is  injected,  the  model 
becomes  opaque  in  the  space  occupied  by  the  water  (gas) . 
Visual  observation  and  photographs  of  these  displacement 
processes  are  thus  rendered  possible.  The  main  dis¬ 
advantage  with  this  technique  is  that  the  wettability  of 
dry  glass  beads,  which  are  first  saturated  with  oil, 
may  not  represent  the  wettability  of  any  practical 
system.  Secondly,  one  cannot  simulate  the  conditions  of 
initial  connate  water,  as  the  model  has  to  be  first 
saturated  with  oil. 

The  effect  of  injection  rate  on  oil  recovery 
has  always  been  a  controversial  issue.  Many  engineers 
have  long  held  that  slower  velocities  of  water  encroach¬ 
ment  through  a  sand  will  yield  the  greatest  ultimate 
oil  recovery  [7] ,  while  others  maintain  that  the  highest 
possible  velocities  will  yield  by  far  the  greatest  oil 
recovery.  Earlougher  [18]  has  shown,  from  tests  of 
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several  hundred  core  samples,  that  for  any  given  oil 
saturation,  there  is  a  critical  maximum  velocity  above  which 
the  recovery  efficiency  falls  off  rapidly  and  the  water-oil 
ratio  rises  extremely  fast.  He  also  found  that  the  critical 
velocity  in  a  sand  varies  with  the  initial  oil  saturation 
and  is  higher  for  higher  oil  saturation.  Various  other 
workers  have  studied  the  effect  of  injection  rate  on 
oil  recovery  [5,  19,  39,  40] .  Beston  and  Hughes  [5] , 
using  two  long  consolidated  cores  and  live  natural  crude 
and  natural  brine,  have  found  (with  a  few  exceptions) 
that  higher  flooding  pressure  gradients  and  hence  higher 
flooding  rates  results  in  higher  recoveries.  Very  low 
pressure  gradients  and  flooding  velocities  result  in 
markedly  lower  recoveries.  Engelberts  and  Klinkenberg 
[19],  using  packs  of  granular  material,  have  found  that 
the  higher  the  viscosity  of  the  oil,  the  lower  is  the 
rate  of  displacement,  resulting  in  a  reduction  of  the 
water-oil  ratio.  They  noticed  that  the  rate  of  displace¬ 
ment,  resulting  in  a  reduction  of  the  water-oil  ratio. 

They  noticed  that  the  rate  of  displacement  will  probably 
not  affect  the  ultimate  recovery  for  the  case  of  oils  of 
viscosities  less  than  30  cp.  Richardson  and  Perkins  [40] 
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concluded  from  their  tests  that  under  a  wide  variety  of 
conditions,  oil  recovery  by  water  flooding  clean  water- 
wet  sands  is  independent  of  the  rate  of  displacement. 
Similarly  the  authors  found  that  the  recovery  was  in¬ 
dependent  of  the  pressure  level  at  which  the  water 
flood  is  performed.  This  gives  strong  support  to  the 
theory  that  the  microscopic  distribution  of  water,  oil 
and  gas  is  controlled  at  all  practical  rates  by  the 
capillary  forces.  Rappoport,  Carpenter  and  Leas  [39], 
using  a  flow  model  of  a  quarter  of  a  five-spot,  have 
found  that  with  increasing  injection  rates  the  recovery 
of  oil  continues  to  increase.  Later  on  the  difference 
diminishes  and  after  a  certain  limit  there  was  no 
appreciable  change.  At  this  stage  the  flood  was 
said  to  have  stabilized.  This  indicates  that  every 
sand  which  can  be  water  flooded  will  not  produce  the 
maximum  yield  of  oil  at  high  pressure  gradients  and 
hence  at  high  injection  rates.  There  may  well  be  an 
optimum  pressure  for  many  sands  depending  upon  their 
physical  and  chemical  characteristics  and  upon  the 
ratio  and  mode  of  distribution  of  their  water  and 
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Dalton,  Rappoport  and  Carpenter  [15]  have 
studied  the  behavior  of  an  unconfined  pilot  water  flood 
using  potentiometric  and  flow  models .  They  have  shown 
that  the  significant  feature  of  an  unconfined  pilot 
flood  lies  in  the  competition  between  the  producers 
of  the  pilot  and  the  surrounding  reservoir  for  the 
flow  of  oil  and  water.  For  a  given  static  reservoir 
pressure,  p  ,  the  total  flow  from  the  pilot  area 
toward  the  surrounding  reservoir  tends  to  increase  as 
the  sand-face  injection  pressure,  p  increases. 
Conversely,  the  lower  the  flowing  bottom-hole  pressure, 
p^p,  at  the  producing  wells,  the  more  effectively  they 
can  compete  with  the  surrounding  reservoir  in  capturing 
the  fluids.  It  has  been  shown  that  for  a  given  porous 
medium  and  fluid  system,  the  behavior  of  an  unconfined 
pilot  water  flood  is  governed  by  the  dimensionless 
pressure  parameter,  defined  as  the  "TT-ratio". 
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It  was  found  that  the  oil  recovery  of  an 
unconfined  pilot  increases  with  an  increasing  -rr-ratio. 
This  occurs  because  the  area  supplying  oil  to  the  pilot 
producers  actually  extends  beyond  the  perimeter  of  the 
pilot  area.  The  oil  recovery  of  the  center  well  is 
practically  independent  of  ir-ratio,  while  that  of  the 
corner  and  side  producers  is  greatly  influenced  by  it. 
Also,  the  center  well  receives  considerably  more  oil 
than  each  of  the  corner  producers .  This  results 
because  the  center  well  receives  essentially  all  of  the 
oil  moving  in  its  direction,  while  a  portion  of  the 
oil  moving  toward  the  side  and  corner  producers  can 
escape  into  the  surrounding  reservoir,  particularly 
when  the  pilot  is  operating  at  a  low  ir-ratio. 

The  influence  of  mobility  ratio  and  viscosity 
ratio  on  flooding  efficiencies  has  been  investigated  by 
many  researchers.  Muskat  [31]  was  probably  the  first 
to  point  out  that  the  fluid  mobilities  (k/y )  in  the  oil 
and  water  regions  would  affect  the  performance  of  the 
water-flood,  and  he  estimated  the  general  effect  of 
these  variables.  Since  then,  studies  of  the  influence 
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of  mobility  ratio  on  secondary  recovery  have  been 
reported  where  mathematical  [20] ,  potentiometric  [2] , 
and  scaled  flow  models  [44]  have  been  utilized.  Aronofsky 
[2]  used  a  potentiometric  analyzer  and  numerical 
computations  and  studied  mobility  ratios  of  10,  1,  and 
0.1.  He  found  that  the  sweep  efficiency  was  very  much 
dependent  upon  the  mobility  ratio,  and  so  should  be 
considered  in  practical  field  problems.  He  also  found 
that  the  "fingering"  or  "cusping"  near  the  producing 
well  was  more  pronounced  for  a  mobility  ratio  of  10 
than  that  for  1  and  the  flooded  area  was  also  smaller 
in  the  former  case.  On  the  other  hand  the  flooded  area 
is  greater  for  a  mobility  ratio  of  0.1  as  compared 
to  that  of  1.0.  Slobod  and  Caudle  [44]  have  shown 
that  the  use  of  miscible  phases  instead  of  immiscible 
phases  to  determine  the  influence  of  mobility  ratio 
on  area  sweepout  efficiencies  is  justified.  Dyes, 

Caudle  and  Erickson  [16]  have  studied  the  influence 
of  mobility  ratio  on  the  oil  production  after  break¬ 
through.  It  was  noted  that  high  mobility  ratios  led 
to  early  declines  in  the  fraction  of  total  flow  from 
the  unswept  region  and  therefore  result  in  a  less 


' 

'  l;  J  -  '  i  s.  '  i:  ri  ;■  ^joc  .3 

' 


13 


favorable  rate  of  oil  recovery.  Though  the  ultimate 
oil  recovery  was  nearly  the  same,  there  was  a  vast 
difference  in  operating  life  for  different  mobility 
ratios.  At  higher  mobility  ratios,  nearly  one-half  of 
the  recoverable  oil  may  be  produced  after  breakthrough. 
Cheek  and  Ilenzie  [11]  used  a  "fluid  mapper"  model  to 
study  the  influence  of  mobility  ratio  on  areal  sweep 
efficiency  and  found  identical  results  for  lower  values 
of  mobility  ratio  but  noted  a  wide  discrepency  at 
higher  values.  Aronofsky  and  Ramey  [3]  studied  the 
influence  of  mobility  ratio  on  production  and  injection 
histories  using  potentiometric  model.  The  range  of 
mobility  ratios  investigated  was  0.1  to  infinity.  The 
found  wide  disagreement  in  the  results  obtained  for 
areal  sweep  efficiency  by  this  method  and  those  obtained 
by  other  workers  using  different  types  of  models.  As 
the  degree  of  reproducibility  reported  by  other  workers 
was  much  higher  than  the  difference  in  the  results,  it 
was  inferred  that  there  are  fundamental  differences 
between  the  models  which  become  important  at  high  and 
low  mobility  ratios.  Van  Meurs  [45]  used  a  transparent 
three-dimensional  model  and  found  that  at  high  oil-to- 
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water  viscosity  ratios  the  recovery  of  oil  is  adversely 
affected  as  a  consequence  of  the  phenomenon  of  viscous 
fingering.  Rappoport,  Carpenter  and  Leas  [39]  have  found 
that  the  water-invaded  zone  is  radial  during  the  initial 
flooding  stages,  following  which  it  then  stretches  into 
a  squared-off  pattern,  and  finally  developing  a  cusp 
toward  the  producing  wells.  With  increasing  oil-to-water 
viscosity  ratios  this  cusp  becomes  more  pronounced  and 
begins  to  form  at  an  earlier  flooding  stage,  resulting 
in  an  overall  decrease  of  areal  coverage  at  water 
breakthrough.  Caudle  and  Witte  [9]  have  studied  the 
influence  of  mobility  ratio  on  the  rate  of  oil  recovery 
in  a  five-spot.  The  results  show  a  change  in  fluid 
conductivity  (total  flow  rate/pressure  drop)  as  the 
sweepout  pattern  increases  for  mobility  ratios  between 
0.1  and  10.  If  the  mobility  ratio  is  favorable  (<1), 
the  conductance  will  drop  continuously  whereas  if  the 
mobility  ratio  is  unfavorable,  the  conductance  ratio 
will  increase  continuously.  Studies  reported  by  Pye 
[37]  and  Sandiford  [41]  have  indicated  that  chemicals 
to  increase  injection  water  viscosity  are  now  available 
and  can  be  used  to  reduce  the  overall  mobility  ratio 


Jb  V  3 6  Ob**3Voo  :  69^-0  V>  3  ;fc$OU>£  3  i  J  :t  ;  .  rt*  n 


■ 


.  :  i:rot/Lroo  .arfd-  ,9l  iuo  ■  u  <  >.  isi  vJ.iCidc,- 


15 


of  a  waterflood o  Where  mobility  ratios  are  controlled 
by  the  injection  of  viscous  fluids,  the  connate  water  of 
the  reservoir  may  play  an  important  part  in  the  dis¬ 
placement  of  the  reservoir  oil.  Kelley  and  Caudle  [22] 
have  investigated  the  role  of  connate  water  in  high- 
viscosity  crude  oil  reservoirs.  They  have  found  that 
the  connate  water  is  mobile  and  was  banked  ahead  of 
the  viscous  injection  water.  Early  water  breakthrough 
should  be  expected  even  though  overall  mobility  ratios 
are  reduced  by  the  injection  of  viscous  water.  Although 
the  connate  water  adversely  affects  the  oil  recoveries, 
sizeable  additional  oil  recoveries  are  still  obtained 
by  the  injection  of  viscous  water.  In  all  of  these 
studies  the  basic  assumption  was  that  the  displacing 
fluid  swept  the  displaced  fluid  down  to  a  residual  value, 
so  that  there  was  no  saturation  gradient  present  either  in 
the  swept  or  the  unswept  region.  In  each  region  it 
was  assumed  there  was  only  one  mobil  fluid  and  its 
mobility  was  constant  throughout  the  region.  Most  of 
the  workers  used  miscible  fluids.  The  use  of  immiscible 
fluids  leads  to  difficulty  in  assigning  a  mobility 
ratio  to  the  system  since  a  small  gradient  in  saturation 
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represents  a  large  gradient  in  mobility.  It  is  also 
difficult  to  define  accurately  the  field  relative 
permeability  relationships  from  results  on  small 
laboratory  samples. 

The  effect  of  the  presence  of  a  free  gas 
saturation  on  water-flooding  efficiencies  has  also  been 
investigated.  Richardson  and  Perkins  [40]  have  shown 
that  the  presence  of  free  gas  lowers,  by  a  very  small 
amount,  the  residual  oil  saturation  remaining  after 
water  flooding  unconsolidated  sands.  The  presence  of 
a  free  gas  saturation  in  a  thick  homogeneous  reservoir 
sand  causes  an  early  water  breakthrough.  The  presence 
of  a  free  gas  saturation  in  a  stratified  reservoir 
increases  the  tendency  for  water  to  channel  through 
the  more  permeable  sand.  The  total  oil  recovered  for 
a  given  amount  of  water  injected  is  always  slightly 
greater  when  gas  is  present.  Kennedy  and  Guerrero  [23] 
have  noted  that  the  presence  of  gas,  regardless  of  the 
surface  and  interfacial  tensions,  exerts  a  substantial 
beneficial  effect  on  the  recovery.  No  additional  oil 
can  be  obtained  by  waterflooding  a  core  which  has  been 
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previously  waterflooded  above  the  bubble  point  and 
pressure  depleted,,  Neilson  and  Flock  [33]  have 
concluded  that  the  ultimate  recovery  from  an  isolated 
inverted  five-spot  may  be  increased  by  establishing  a 
gas  saturation  prior  to  flooding  as  long  as  "fill-up" 
is  obtained  prior  to  water  breakthrough e  Craig  [13] 
has  found  that  in  a  normal  five-spot  pattern,  the  oil 
migration  outside  the  pilot  area  occurs  only  after 
there  is  liquid  fill-up  within  the  pilot  area.  As 
the  initial  gas  saturation  is  increased,  there  is 
less  time  for  migration  to  occur  between  fill-up  and 
flood-out  of  the  pilot  area.  It  is  possible  for  the 
initial  gas  saturation  to  be  sufficiently  large  so 
that  when  waterflood  fronts  from  each  of  the  four 
injection  wells  meet,  liquid  fill-up  occurs  within 
the  pilot  area.  This  value  of  initial  gas  saturation 
is  termed  as  the  maximum  effective  gas  saturation, 
Sg*,  given  by, 


S 


g 


* 


wc 


S 


or 


) 


7T  /  4  (1.0  -  S 


(2) 


fcne.  dnx-oq  slddud  '  d  svoo  '  Enbool  ‘  xedfiw  Y^2JJ°j*V9':i<J 


i  aid  sw  od  toxic  fc  inxBddo  si 


•  ftp  i  /xdo  it  l  ;  in  ;>  5m  >•'  •  s-.^  b  9  pi 


18 


where 

S  =  Connate  water  saturation 

wc 

S  =  Residual  oil  saturation 

or 

Interfacial  tension  and  wettability  play  an 
important  part  in  oil  recovery  by  water  flooding. 
Wettability,  qualitatively  speaking,  denotes  the  ease 
with  which  a  fluid  can  displace  other  fluids  or  spread 
over  a  solid  surface  in  the  presence  of  other  fluids 
[42] .  A  quantitative  definition  of  wettability  has 
not  been  given  so  far  and  is  difficult  to  state.  Hence, 
relative  wettability  is  used.  In  the  case  of  a  porous 
medium,  one  fluid  will  preferentially  wet  the  porous 
surface  compared  to  the  other.  The  adhesion  tension, 
which  is  a  function  of  the  interfacial  tension  and  the 
contact  angle,  determines  which  fluid  will  preferentially 
wet  the  solid.  A  positive  adhesion  tension,  or  in 
other  words,  contact  angles  less  than  90°,  indicates 
that  the  water  phase  preferentially  wets  the  solid. 

The  capillary  pressure  is  defined  as  the 
interface  pressure  drop  between  a  continuous  oil  phase 
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and  a  continuous  water  phase  in  a  porous  material.  The 
magnitude  of  this  pressure  difference  depends  on  the  inter¬ 
facial  curvature  and  the  interfacial  tension.  The  former 
is  determined  by  the  geometry  of  the  pore  spaces,  the 
wettability  of  the  rock  surfaces,  and  the  quantity  of 
each  phase  present.  Mathematically,  for  a  capillary  of 
space  between  particles  that  has  a  shape  other  than 
cylindrical,  the  capillary  pressure,  P  ,  is  related  to 
the  curvature  of  the  meniscus  by  the  equation, 

1  1 

P  =  a  ( —  +  — )  (3) 

Ri  R2 

where  Rj  and  R2  are  principal  radii  of  curvature  of 
the  meniscus. 

a  is  the  interfacial  tension. 

If  Ri  =  R2  =  R, 

P  =  a  (2/R) 

For  cylindrical  shape  of  the  pore  space, 

R  =  r/cos  0 


where 


r  is  the  radius  of  capillary 
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6  is  the  contact  angle  measured  through  the 
denser  liquid  phase  when  both  the  fluids  are 
in  contact  with  the  solid  surface. 

With  these  substitutions,  equation  (3)  becomes, 

2  a  cos  0 

pc  =  -  (3a) 

r 

On  the  microscopic  scale  the  capillary  forces, 
which  act  over  a  distance  of  one  or  two  sand  grain 
diameters,  control  the  distribution  of  oil  and  water  under 
static  equilibrium  conditions.  When  an  external  force  is 
applied,  as  in  the  case  of  water  injection,  the  applied 
forces  tend  to  distort  the  oil-water  interfaces.  However, 
in  most  fine-grained,  water-wet  sands  the  applied  pressure 
difference  across  one  or  two  grain  diameters  is  usually 
several  orders  of  magnitude  less  than  the  capillary 
pressure  difference.  These  considerations  lead  to  the 
theory  that  even  during  flow  the  capillary  forces  continue 
to  control  the  microscopic  distribution  of  oil  and  water 
within  the  pores  of  a  porous  material  for  all  practical 
reservoir  and  laboratory  flow  rates. 
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Based  on  the  Buckley-Leverett  [7]  concept,  the 
fractional  flow  of  displacing  fluid  in  the  total  flowing 
stream,  f^,  is  given  by, 


1  - 


vo*t 


9  P 


9x 


+  gAp  sin  0) 


(4) 


1  + 


where 


P  =  P ,  -  P 
c  do 


Ap  =  pd  -  PD 


k , ,  k 
d '  o 


yd'uo 


=  effective  permeability  to  displacing 
phase  and  oil,  respectively 
=  viscosity  of  displacing  phase  and 
oil,  respectively 


qt  =  total  flow  rate 
0  =  positive  updip 


As  the  experimental  values  of  9Pc/9x  are 
always  negative,  according  to  the  definition  of  capillary 
pressure,  the  net  effect  of  including  the  capillary  term 
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is  to  increase  the  value  of  the  calculated  fraction  of 
displacing  fluid  in  the  flow  stream  at  any  saturation 
and  to  decrease  the  recovery  of  displaced  fluid  [25] . 
Perkins  [35]  has  shown  that  the  influence  of  capillary 
pressure  gradients  on  the  macroscopic  flow  behavior 
increases  as  the  flow  rate  decreases. 

Kinney  and  Neilson  [24]  have  found  that  the 
percentage  of  recoverable  oil  produced  before  water 
breakthrough  is  greater  in  a  preferentially  oil-wet 
porous  medium.  They  have  also  shown  that  wettabilities 
are  affected  by  the  order  or  sequence  in  which  two 
liquids  are  allowed  to  enter  the  solid.  Engelberts 
and  Klinkenberg  [19]  have  stated  that  it  is  not  to  be 
expected  that  changes  in  the  capillary  forces  will 
substantially  affect  water-drive  processes  under  field 
conditions.  Kennedy  and  Guerrero  [23]  have  found  that 
the  reduction  in  the  interfacial  tension  between  oil  and 
brine  reduces  slightly  the  recovery  of  oil  by  water 
flooding  above  the  bubble  point.  Below  the  bubble  point, 
in  the  presence  of  gas,  a  reduction  of  interfacial  and 
surface  tensions  of  the  liquids  has  a  small  or  negligible 
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effect  on  recovery,,  Their  results  are  in  contradiction 
with  theoretical  predictions  that  if  the  oil  phase  is 
distributed  as  droplets  in  the  porous  medium,  the 
recovery  of  oil  should  be  increased  by  decreasing  the 
interfacial  tensions  between  the  liquids .  From  this 
they  have  concluded  that  the  oil  does  not  occur  as 
segregated  droplets,  as  commonly  assumed, 

Moore  and  Slobod  [26]  have  proposed  a  theory 
based  on  several  thousand  flooding  experiments  on  a 
variety  of  porous  media,  known  as  the  "Viscap  Theory". 
According  to  this  theory,  interplay  of  capillary  and 
viscous  forces  determines  the  efficiency  of  oil 
displacement  and  the  production  history  after  break¬ 
through.  They  have  also  shown  that  the  wettability 
of  the  rock  is  of  key  importance  in  explaining  or 
predicting  the  performance  of  water  floods,  either  in 
the  laboratory  or  in  the  field.  They  have  classified 
the  cores  as  strongly  water-wet,  strongly  oil-wet  or  of 
intermediate  wettability.  For  water-wet  cores,  the 
displacement  of  oil  by  water  is  almost  always  controlled 
by  imbibition.  The  tests  on  oil-wet  cores  are  affected 
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by  end  effects  which  result  in  a  high  oil  saturation 
at  the  exit  end,  and  hence  this  core  data  is  not 
applicable  to  the  reservoir  unless  run  under  conditions 
which  suppress  this  end  effect  to  an  insignificant 
portion  of  the  core  length,,  A  similar  effect  was 
noticed  by  Perkins  [35]  in  water-wet  cores  in  which 
water  (wetting  phase)  accumulates  at  the  outflow  face 
and  would  not  produce  until  there  was  a  residual  oil 
saturation.  He  termed  it  the  "boundary  effect"  and 
noted  that  this  effect  would  be  minimized  by  using 
longer  columns  and/or  higher  injection  rates.  The 
ultimate  residual  oil  saturation  is  independent  of 
rate  or  column  length.  This  indicates  that  the 
microscopic  fluid  distribution  is  controlled  by 
capillary  forces  and  is  not  rate  sensitive. 

Bobek  and  Mattax  [6] ,  and  Mungan  [27] ,  have 
found  that  oil  recoveries  by  water-flooding  water-wet 
rocks  are  higher  than  from  oil-wet  rocks.  Mungan  [27] 
has  also  noted  that  a  reduction  in  interfacial  tension 
results  in  increased  recovery.  This  increase  in  recovery 
is  greater  if  the  displaced  phase  is  the  wetting  phase. 
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Mungan  [28]  has  also  found  that  the  breakthrough  of  a 
non-wetting  displacing  liquid  always  occurs  earlier 
than  that  of  a  wetting  displacing  liquid.  It  has 
been  noted  that  the  smaller  the  viscosity  ratio,  the 
closer  are  the  final  recoveries  for  the  two  cases. 

This  suggests  that  for  oil-wet  rocks,  as  an  alternative 
to  decreasing  the  interfacial  tension,  one  may  increase 
the  viscosity  of  the  injected  fluid  to  increase  the 
final  recovery.  Also,  when  the  displaced  phase  wets 
the  core,  a  considerable  amount  of  the  production 
is  obtained  after  breakthrough,  even  for  a  viscosity 
ratio  of  1.0.  Similarly,  while  investigating  the 
influence  of  interfacial  tension,  he  found  that  lower¬ 
ing  the  interfacial  tension  increases  the  recovery 
but  not  to  a  great  extent  if  the  displacing  liquid  is 
the  wetting  liquid.  In  the  case  of  displaced  phase 
being  the  wetting  phase,  a  lowering  of  interfacial 
tension  significantly  increases  the  breakthrough 
recovery  as  well  as  the  final  recovery0  Similar 
results  were  observed  by  Wagner  and  Leach  [46] . 


In  most  of  the  laboratory  investigation, 
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the  gravity  effects  were  neglectedo  This  is  justified 
if  the  thickness  of  the  packing  is  small.  Wyckoff, 
Botset  and  Muskat  [48]  have  discussed  the  effect  of 
gravity  on  the  shape  of  encroaching  front.  According  to 
them  there  are  two  types  of  distortion  possible  due  to 
gravity:  1)  a  tendency  for  the  assumed  vertical  wall 

of  water  to  flatten  out  into  a  level  surface  causing 
earlier  water  breakthrough,  and  2)  in  an  inclined 
producing  horizon  there  will  be  a  tendency  towards  the 
suppression  of  the  "fingering".  The  steeper  the 
inclination  of  the  stratum  the  greater  will  be  the 
suppressing  tendency. 

Well  configuration  has  a  significant  influence 
on  areal  sweep  efficiency  and  hence  on  oil  recovery  by 
water  flooding.  Researchers  have  worked  with  different 
well  patterns  -  line  drive,  staggered  line  drive, 
isolated  normal  and  inverted  five-spot  pattern,  and 
combinations  of  a  series  of  five-spots,  seven-spots,  and 
nine-spots.  Most  of  the  workers,  while  investigating 
a  five-spot  pattern  in  the  laboratory,  have  used  a 
quarter  of  a  five-spot  because  of  symmetry.  They  have 
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assumed  that  the  boundaries  of  a  five-spot  act  as 
impermeable  barriers «,  In  an  actual  pilot  flood  in 
the  field  this  assumption  is  not  valid.  The  pilots 
generally  consist  of  one  or  a  few  five-spot  patterns, 
which  may  not  behave  as  confined  systems  because  there 
may  be  flow  of  fluids  from  and  to  the  reservoir  lying 
outside  the  pilot  area.  This  point  should  be  considered 
before  one  should  attempt  to  extrapolate  the  results 
of  a  pilot  flood,  especially  of  a  single  normal  five- 
spot  (four  injectors  and  one  producer) ,  to  the  full- 
scale  operation. 

Caudle  and  Loncaric  [10]  have  pointed  out  that 
the  amount  and  rate  of  oil  recovery  from  an  unconfined 
pilot  area  is  not  usually  the  same  as  from  an  equal  area 
in  a  large-scale  flood.  This  is  true  because  the  fluids 
are  free  to  move  across  the  boundary  of  a  pilot  area. 
From  the  data  obtained,  the  authors  have  pointed  out 
that  the  pilot  flood  oil  recoveries  may  be  wrong  by  as 
much  as  a  factor  of  four  if  the  recovery  is  supposed 
to  be  coming  from  the  area  within  the  four  injection 
wells.  They  have  suggested  correction  factors  to  take 
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this  effect  into  account.  These  correction  factors 
are  the  ratios  of  fully  developed  five-spot  performance 
to  five-spot  pilot  performance,  which  can  be  applied 
to  pilot  data  to  predict  the  reservoir  performance. 
Similar  results  have  been  pointed  out  by  Dalton, 

Rappoport  and  Carpenter  [15] .  They  have  shown  that 
the  recovery  behavior  of  confined  and  unconfined  floods 
differ  in  that  only  a  certain  fraction  of  the  injection 
water  actually  sweeps  oil  towards  the  pilot  producing 
wells  because  fluids  can  escape  from  the  pilot  pattern, 
while  all  the  injection  water  sweeps  oil  toward  confined 
producing  wells.  Also  the  reservoir  area  supplying  oil 
to  pilot  producing  wells  is  different  from  that  supplying 
oil  to  confined  producing  wells.  Neilson  and  Flock  [33] 
have  found  that  the  rapid  "water-out"  characteristic 
common  to  linear  floods  and  floods  conducted  in  developed 
well  patterns  is  not  prevalent  in  the  case  of  an  isolated 
inverted  five-spot.  Instead,  the  producing  water-oil 
ratio  increases  very  slowly  after  breakthrough  such 
that  ultimate  areal  sweep  efficiencies  six  times  that 
at  breakthrough  were  possible. 
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Craig  [13]  has  pointed  out  that  a  single 
normal  five-spot  flood  can  yeidl  a  direct  estimate  of 
ultimate  recovery  and  production  performance  possible 
by  full-scale  operations  if  the  advance  of  the  injected 
water  is  uniform  and  the  condition  ratio  of  pilot 
producer  is  at  least  2.2.  (The  condition  ratio  has 
been  defined  as  the  ratio  of  a  well's  actual  product¬ 
ivity  to  the  productivity  of  an  undamaged  and  non- 
stimulated,  normal  sized  well  in  the  same  formation) . 
Similarly,  a  single  inverted  five-spot  pilot  flood 
with  no  initial  gas  saturation  can  provide  quantitative 
estimates  of  full-scale  waterflood  recovery,  if  the 
offset  producing  wells  have  condition  ratios  of  1.4  or 
above . 


Bernard  and  Caudle  [4]  have  shown  that  pilot 
water  floods  can  adequately  predict  the  performance  to 
be  expected  from  fully  developed  water  floods  if  the 
proper  pilot  pattern  and  operating  conditions  are  used. 
The  type  of  pattern  and  the  number  of  wells  to  be 
placed  in  the  pattern  depend  on  the  oil-water  mobility 
ratio  and  the  expected  oil-bank  size.  Pilot  patterns 
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in  reservoirs  containing  a  dispersed,  flowable  free 
gas  saturation  will  require  fewer  wells  as  compared 
to  gas-free  reservoirs .  Unfavorable  mobility  ratios 
will,  in  general,  require  more  wells  in  the  pilot 
pattern  than  favorable  mobility  ratios.  It  was  found 
that  the  most  desirable  pattern,  with  regard  to 
accuracy  of  results  and  number  of  injection  wells, 
was  the  grouping  of  four  inverted  five-spot  (four 
injectors,  nine  producers) „ 

Prats  [36]  has  discussed  the  effect  of  off- 
pattern  wells  on  the  performance  of  a  five-spot 
waterflood 3  He  noted  that  the  oil  recovery  at  water 
breakthrough  is  always  lower  than  that  for  regular 
five-spots o  There  was  a  loss  in  oil  recovery,  more 
or  less  depending  upon  the  well's  displacement, 
whether  the  off-pattern  well  is  a  production  or 
injection  well,  or  whether  the  off-pattern  wells  are 
separated  by  a  regular  five-spot,  etcD  Although  the 
loss  in  oil  recovery  due  to  pattern  irregularity  often 
may  be  low,  the  off-pattern  case  will  always  require 
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injection  of  more  water  to  reach  the  same  final  water- 
cut. 


Dyes,  Kemp  and  Caudle  [17]  have  studied  the 
effect  of  fractures  on  sweepout  pattern  and  found  that 
short  fractures,  either  horizontal  or  vertical,  could 
be  used  in  flooding  operations  to  gain  an  increase  in 
injectivity  or  productivity  without  any  serious  harm 
to  sweepout  pattern.  A  long  fracture  does  not  harm 
the  sweep  if  it  is  directed  between  producers.  If  it 
is  directed  towards  a  producer,  the  throughput  volume 
necessary  to  attain  a  given  recovery  is  increased. 

The  ultimate  recovery  does  not  significantly  reduce 
until  the  fracture  length  exceeds  three-fourths  of 
the  distance  between  the  well  and  the  element 
boundary . 


Caudle  and  Loncaric  [10] ,  Dalton,  Rappoport 
and  Carpenter  [15] ,  Neilson  and  Flock  [33] ,  Craig  [13] , 
and  Bernard  and  Caudle  [4]  have  studied  the  influence 
of  fluid-flow  beyond  the  network  area  on  oil  recovery 
and  areal  sweep  efficiency  in  case  of  an  isolated 
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pattern*,  These  workers  have  pointed  out  the  significant 
difference  between  the  performance  of  an  isolated 
pattern  and  a  similar  pattern  in  a  fully  developed 
fieldo  They  have  suggested  various  ways,  like 
correction  factors  [10] ,  condition  ratio  of  the  pilot 
producer  having  a  minimum  value  [13] ,  selection  of 
proper  pilot  pattern  and  operating  conditions  [4] , 
etc*,  to  enable  the  extrapolation  of  isolated  pattern 
performance  to  the  performance  of  a  completely  developed 
field.  The  present  work  was  undertaken  to  further 
study  the  extent  of  fluid  flow  beyond  the  pattern  area 
in  case  of  an  isolated  normal  five-spot  and  a  grouping 
of  four  inverted  five-spots. 
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DESCRIPTION  OF  THE  MODEL 


The  model  consists  of  two  circular  transparent 
lucite  plates  about  three  feet  in  diameter  and  two 
inches  thick.  They  are  bolted  around  the  periphery  and 
sealed  by  two  neoprene  O-ring  seals  and  separated  by 
a  quarter  inch  thick  spacer.  There  are  ten  wells 
equally  spaced  around  the  periphery  and  twenty-five 
wells  in  the  center  in  the  form  of  a  square  pattern 
(Figure  1) .  The  periphery  wells  were  used  to  clean  the 
model  and  to  bring  it  to  an  irreducible  water  saturation 
condition.  Various  patterns  were  studied  using  the 
center  wells.  A  scale  drawing  of  the  well  is  shown 
in  Figure  3,  and  consists  of  a  brass  stem  of  1/16-inch 
internal  diameter,  open  at  the  bottom  and  reaches  half¬ 
way  through  the  packing  when  in  position.  The  wells 
were  opened  or  closed  by  means  of  a  valve. 

The  injection  system  consists  of  four  pistons 
mounted  so  a  fifth  double  acting  piston  could  drive 
them  backward  or  forward  at  the  same  constant  rate. 

The  double  acting  piston  was  operated  hydraulically 
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by  a  constant  rate,  dual  cylinder  Ruska  pump.  The 
injection  pressure  of  the  four  injection  lines  was 
measured  using  mercury  manometers.  The  back  pressure 
on  the  model  was  varied  by  latering  the  height  of  the 
production  line.  The  injection  and  production  lines 
were  1/8-inch  I.D,  plastic  tubing. 

The  flood  front  was  traced  using  a  fluorescent 
dye  (Dupont  Uranine  B)  in  the  injection  water.  The  dye 
was  made  to  fluoresce  by  means  of  two  ultra-violet 
tubes  mounted  below  the  model.  A  polaroid  camera  was 
mounted  about  five  feet  above  the  model  to  photograph 
the  position  of  the  flood  front  from  time  to  time. 

A  black  and  white  polaroid  film  of  speed  3,000  ASA, 
and  an  exposure  of  about  fifteen  seconds  was  used. 

A  schematic  diagram  of  the  equipment  is  shown  in  Figure 
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WELL  DETAIL 


SCALE:  TWICE  FULL  SIZE 
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PACKING  OF  THE  MODEL 

The  model  was  completely  cleaned  and  the  inside 
walls  were  washed  using  a  detergent  to  remove  any  greasy 
or  oily  film.  The  model  was  completely  dried,  bolted 
and  was  made  to  stand  in  a  vertical  position  on  an 
electric  vibrator  with  the  hole  in  the  upright  position 
through  which  the  glass  beads  were  fed.  The  unconsoli¬ 
dated  porous  medium  was  prepared  of  uniform  glass  beads 
of  0.6  mm.  diameter.  They  were  fed  through  the  hole  as 
the  model  was  vibrated  and  lightly  tapped.  To  discharge 
the  electrostatic  charge  developed  in  the  beads  due  to 
vibration,  the  packing  was  saturated  with  distilled 
water  and  then  dried  by  flowing  air  at  low  pressure  for 
a  long  time.  The  procedure  was  repeated  until  a  uniform 
tight  packing  was  obtained. 

Due  to  the  flexible  nature  of  the  lucite 
plates,  the  model  expanded  in  the  middle  during  packing. 
This  expansion  was  taken  into  account  while  calculating 
the  bulk  volume  of  the  model  and  the  network  pore  volume. 
The  calculations  are  shown  in  Appendix  I,  and  a  correlation 
was  established  to  find  the  average  thickness  of  the 
packing  for  any  area  (Figure  26) . 
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MODEL  PROPERTIES 


Porosity,  absolute  permeability,  relative 
permeability,  mobility  ratio  and  the  wettability  of  the 
model  were  established  for  the  model  and  the  detailed 
calaculations  are  shown  in  Appendices  I,  II,  III,  and 
IV. 

For  this  model,  the  bulk  volume  was  determined 
from  the  physical  dimensions  of  the  model,  taking  into 
account  any  expansion  during  packing.  The  pore  volume 
was  determined  by  a  simple  material  balance.  The  model 
was  evacuated  and  saturated  with  distilled  water.  The 
volume  of  distilled  water  remaining  inside  the  model 
gave  the  pore  volume.  The  porosity  of  the  pack  was 
found  to  be  32.9%.  The  porosity  of  a  pack  of  spherical 
particles  of  uniform  size  depends  on  a  stacking 
arrangement  and  varies  from  47.6%  for  cubic  stacking 
to  25.9%  for  Rhombohedral  stacking.  An  average  for  six 
different  stacking  arrangements  is  34.8%. 

The  permeability  of  a  porous  medium  may  be 
defined  as  its  fluid  conductivity,  or  ability  to  let 
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fluid  flow  within  its  interconnected  pore  network. 
According  to  Darcy's  Law, 


kA  dp 

O  - - *  —  (5) 

U  ds 


where  0 
A 

u 

dp/ds 

k 


Rate  of  flow  of  the  fluid,  cc/sec 
Cross-sectional  area  perpendicular  to 
fluid  flow,  sq.  cm 
Fluid  viscosity,  cp 
Pressure  gradient,  atm/ cm 
Permeability  of  the  rock,  Darcy 


Except  for  gases  at  low  pressures,  the  permeability 
of  a  porous  medium  is  a  property  of  the  medium  and  not  of 
the  fluid  flowing,  provided  that  the  fluid  100%  saturates 
the  pore  space  of  the  medium.  This  permeability  at  100% 
saturation  of  a  single  fluid  is  called  the  absolute 
permeability  of  the  medium.  The  absolute  permeability 
of  the  model  was  calculated  before  the  injection  of  an 
oil  phase  using  Iluskat's  five-spot  formula  and  was  found 
to  be  equal  to  1542  md. 
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In  the  case  where  the  porous  medium  contains 


more  than  one  fluid  phase,  the  permeability  is  no  longer 
constant,  but  varies  for  the  different  phases  present 
and  is  dependent  on  their  respective  saturations  in  the 
medium.  This  is  known  as  effective  permeability  and  is 
the  permeability  of  the  porous  medium  to  a  particular 
fluid  when  that  fluid  has  a  pore  saturation  of  less  than 
100%.  Where  two  fluids  are  present,  such  as  oil  and 
water,  their  relative  rates  of  flow  are  determined  by 
their  relative  viscosities  and  their  relative  per¬ 
meabilities.  Relative  permeability  is  the  ratio  of 
effective  permeability  to  the  absolute  permeability. 


Mobility  of  a  fluid  is  defined  as  the 


effective  permeability  of  the  porous  medium  to  the 
fluid  divided  by  the  fluid  viscosity.  The  relative 
rates  of  flow  of  oil  and  water  depend  on  the  mobility 
ratio,  M,  which  is  defined  as  the  ratio  of  the  mobility 
of  the  region  behind  the  flood  front  to  the  mobility 
of  the  region  ahead  of  the  flood  front.  Mathematically, 
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where  A  ,  Aq  are  the  mobilities  of  the  region  behind 

the  flood  front  and  ahead  of  the  flood  front 
respectively . 

In  the  laboratory  experiments,  it  was  noticed 
that  the  displacing  water  did  not  displace  oil  to  its 
irreducible  saturation  and  therefore  there  was  two  phase 
flow  behind  the  flood  front.  In  other  words  the  saturation 
of  oil  and  water  was  constantly  changing  behind  the  flood 
front  and  hence  the  relative  permeability  of  the  two  fluids 
was  changing.  This  in  turn  caused  a  constant  change  in 
the  mobility  of  the  region  behind  the  flood  front,  resulting 
in  a  steadily  varying  mobility  ratio.  For  this  reason, 
the  relative  permeability  curves  for  oil  and  water  were 
determined  using  a  linear  pack  of  the  glass  beads.  A 
lucite  tube,  28.5  cm.  in  length,  packed  with  glass  beads 
was  evacuated  and  saturated  completely  with  distilled 
water.  Oil  was  injected  until  an  irreducible  water 
saturation  condition  was  established.  Finally  oil  was 
displaced  by  water  at  a  constant  rate,  the  injection 
pressure  was  recorded  and  the  corresponding  recovery  of 
oil  and  water  was  noted.  From  this  data,  relative 
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permeability  for  oil  and  water  versus  water  saturation 
were  obtained  using  the  method  suggested  by  Johnson, 

Bossier  and  Naumann  [21] .  These  results  are  shown  in 
Figure  4 . 

In  the  case  of  immiscible  fluids,  it  is  difficult 
to  assign  a  mobility  ratio  to  the  system,  since  a  small 
gradient  in  saturation  represents  a  large  gradient  in 
mobility „  Besides,  the  mobility  in  the  swept  region  is 
not  constant  and  is  changing  as  more  and  more  oil  is 
produced.  Using  the  relative  permeability  curves  (Figure 
4)  and  the  method  suggested  by  Craig,  Geffen  and  Morse 
[12],  the  useful  value  of  mobility  ratio  was  calculated 
as  0.98,  but  could  vary  from  0.59  to  1.15. 


n oi  nrfoL  yd  r-  ii<=>  31  -i  U  i  9  i‘  id  919W 


oiifii  v^xlid  )jh  So  e.uLsv  iuiezu  sril  %  [SI] 


. 


Kyw 


& 


45 


FLUID  PROPERTIES 


In  this  study  only  two  phases  -  oil  and  water  - 
were  present.  The  densities  were  determined  using  a 
Christian-Becker  Chainomatic  Balance,  Model  SG-1;  the 
viscosities  were  determined  using  a  Cannon-Fenske-Ostwald 
viscometer  and  the  interfacial  tension  between  oil  and 
water  was  determined  using  a  Du-Nuoy  Tensiometer, 

Distilled  water  was  used  to  simulate  the  connate 
water  saturation.  The  density  of  the  distilled  water 
was  found  to  be  0.997  gms/cc.  at  75°F,  and  the  viscosity 
was  equal  to  0,892  cp.  at  78°F.  Esso  kerosene  was  used 
to  simulate  the  oil  phase  in  the  model.  The  density 
of  the  kerosene  used  was  0.794  gms/cc.  at  75°F.  and  the 
viscosity  measure  was  1,265  cp,  at  78°F.  Thus  the  oil 
phase  was  more  viscous  than  either  the  connate  or  the 
injection  water. 

The  injection  water  was  simulated  by  distilled 
water  colored  with  Dupont  Uranine  B  fluorescent  dye, 
which  was  completely  soluble  in  the  water  phase  but  in¬ 
soluble  in  the  oil  phase,  A  concentrate  of  the  dye  was 
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made  with  5  gms  of  dye  per  500  cc.  of  distilled  water 
and  250  cc„  of  such  concentrate  was  mixed  in  8.25  litres 
of  distilled  water  for  the  injection  water.  The  coloring 
made  it  possible  to  photograph  the  flood  position  at  any 
instant  by  using  ultra-violet  fluorescent  lights  at  the 
base  of  the  model.  The  density  of  this  water  was  0.996 
gms/cc.  at  78°F.  and  viscosity  was  0.927  cp.  at  78°F. 

The  interfacial  tension  between  the  injection  water  and 
kerosene  was  30.75  dynes/cm.  at  75°F. 

The  contact  angle,  6,  was  needed  to  calculate 
the  injection  rate  above  which  the  flood  was  stabilized 
and  not  rate  sensitive.  An  approximate  value  of  the 
contact  angle  was  required.  The  capillary-rise  method 
as  described  by  Amyx,  Bass  and  Whiting  [1] ,  was  used  to 
calculate  the  contact  angle.  The  only  assumption  was 
that  the  wetting  characteristics  of  the  glass  of 
capillary  tube  were  the  same  as  that  of  glass  beads, 
and  on  this  basis  the  contact  angle  was  found  to  be 
equal  to  14°.  The  calculations  are  given  in  Appendix 
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SCALING 

The  model  was  scaled  such  that  the  performance 
was  not  rate  sensitive.  In  other  words  the  assumption 
that  the  capillary  pressure  effects  may  be  neglected  was 
justified.  For  this  purpose,  the  criterion  of  critical 
scaling  coefficient,  as  suggested  by  Rappoport,  Carpenter 
and  Leas  [39]  was  utilized.  The  displacement  of  oil  by 
water  in  an  immiscible  and  incompressible  flow  system 
with  no  gas  liberation  can  be  described  by  a  differential 
equation  combining  the  continuity  equation,  equation  of 
state  and  Darcy's  Law.  This  equation  accounts  explicitly 
for  the  frictional,  gravitational,  and  capillary  forces 
in  the  case  of  displacement  of  oil  by  water.  It  was  noted 
from  this  equation  that  a  dimensionless  group  of  para¬ 
meters,  C2,  given  by* 

q  \i 

C2  =  - - -  (7) 

a  cos  e/EJT 

characterizes  the  relative  importance  of  the  capillary 
forces  in  the  displacement  of  oil  by  water.  This  group, 

C 2 ,  may  be  designated  as  the  "Capillary  Pressure  Scaling 

*  The  group  C2  as  defined  here  is  a  more  "general"  form 
of  that  given  in  reference  [39] . 
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Coef f icient" „  For  a  given  value  of  C2 ,  all  porous  flow 
systems  of  given  geometry,  operated  under  similar 
conditions  would  yield  the  same  flooding  behavior.  Thus, 
group  C2  represents  a  scaling  factor  which  may  be  used 
to  relate  the  results  of  flow  model  experiments  to  field 
performance . 

Rappoport,  Carpenter  and  Leas  [39]  noted  that 
"with  increasing  values  of  the  scaling  factor,  C2,  the 
relative  importance  of  the  capillary  forces  decreases 
and  may  eventually  become  negligible  for  a  certain 
"critical"  value  of  C2„  At  this  stage,  the  system 
is  said  to  have  "stabilized"  and  is  no  longer  in¬ 
fluenced  by  capillary  effects  and  becomes  independent 
of  the  injection  rate/'  They  experimentally  found 
that  the  value  of  critical  scaling  coefficient  for 
a  five-spot  flood  is  of  the  order  of  3.5  x  10-3  for 
an  oil-water  viscosity  ratio  of  1.  This  value  is 
still  less  for  higher  oil-water  viscosity  ratios  (302  x 
10“3  for  40:1).  (In  calculating  critical  scaling 
coefficient,  q  was  expressed  in  bbl/day/ft.,  y  in  cp,, 
a  in  dyne/cm.,  k  in  md.).  In  other  words,  stabilized 
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flooding  is  insured  for  rates  which  give  a  value  of 
critical  scaling  coefficient  greater  than  above  mentioned 
values  . 


The  critical  injection  rate  was  calculated  and 
all  the  rates  employed  in  different  runs  were  kept  above 
this  critical  value.  The  calculation  for  the  critical 
injection  rate  is  given  in  Appendix  VI. 
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EXPERIMENTAL  PROCEDURE 


The  experiments  were  performed  with  the  model 
in  the  horizontal  position.  It  was  completely  evacuated 
and  saturated  with  distilled  water  and  the  water  injected 
and  water  produced  were  recorded.  The  pore  volume  of 
the  model  was  established  by  material  balance.  The 
injection  water  was  injected  at  a  constant  rate  in  an 
isolated  normal  five-spot  pattern  recording  the  history 
of  injection  pressure.  The  absolute  permeability  of  the 
porous  medium  was  calculated  using  these  data.  The 
flooding  procedure  used  was  as  follows: 

1)  The  dye  was  washed  out  by  injecting  distilled 
water  in  the  periphery  wells,  one  at  a  time,  and 
producing  from  the  center  well. 

2)  Kerosene  was  injected  through  the  center  well 
and  the  fluids  produced  from  the  surrounding  wells 
were  collected  and  respective  amounts  of  oil  and 
water  were  noted.  The  oil-injection  was  continued 
until  no  more  water  was  produced.  From  the  material 
balance,  and  knowing  the  pore  volume  of  the  model, 
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the  initial  oil  saturation  and  irreducible  water 
or  connate  water  saturation  was  calculated 6 

3)  The  flood  pattern  was  selected,  the  four 
injection  lines  from  the  injection  system  were 
connected  to  injection  wells  and  the  producing 
line  was  led  to  a  graduated  test  tube  of  25  ml. 
capacity  with  graduations  of  0.5  ml.  apart.  In 
the  case  of  four  inverted  five-spot  pattern,  all 
the  nine  producing  lines  were  taken  to  different 
test  tubes.  The  initial  manometer  reading  of 
the  injection  lines  were  recorded. 

4)  The  pump  was  started  which  actuated  the 
double  acting  cylinder,  which  in  turn  actuated 
the  four  single-acting  cylinders  causing  all  of 
them  to  inject  at  a  constant  rate. 

5)  The  producing  stream  was  collected  in  a 
graduated  tube  and  recorded  along  with  a  record 
of  injection  pressure. 

6)  The  flood  front  was  traced  from  time  to 
time  by  photographing  the  model.  It  showed 
the  extent  to  which  the  injection  water  had 
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swept  the  model.  A  note  was  made  of  the  volume 
of  fluids  produced  at  the  time  the  photograph 
was  taken,  which  also  represented  the 
cumulative  throughput  at  that  stage.  Four 
photographs  per  run  were  taken  to  show  the 
flood  position  at  four  different  stages. 

7)  A  run  was  terminated  after  about  8  to 
805  network  pore  volumes  of  water  had  been  in- 
j  ected . 

8)  The  steps  1  through  7  were  repeated  for  the 
next  run.  It  was  noticed  that  after  step  2,  the 
model  returned  to  the  original  conditions  of  oil 
and  irreducible  water  saturation  and  it  there¬ 
fore  was  not  necessary  to  evacuate  the  model 
after  every  run. 

The  photographs  were  planimetered  to  find  the 
area  of  the  porous  medium  contacted  by  the  flooding 
water  at  any  stage.  This  allowed  the  calculation  of 
the  areal  sweep  efficiencies  as  a  function  of  total 
throughput  volume. 
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RESULTS  AND  DISCUSSION 


Definition  of  Terms  Used  in  Calculations  and  Plots 


1. 


2. 


3. 


Network  Pore  Volume  (P.V.)  =  Area  of  network  x 

Average  thickness  (h)  x  Porosity  (tj>) 

Network  Hydrocarbon  Pore  Volume  (HCPV)  =  Network 

Pore  Volume  x  Initial  Oil  Saturation  (S  . ) 

oi 

Displacement  Efficiency  (E^) 

Initial  Oil  Saturation (S  .) -Residual  Oil  Saturation (S  ) 

 oi  or 

Initial  Oil  Saturation  (S  .  ) 

oi 

Oil  Recovered  at  any  Stage 

Area  constacted  by  flooding  water  at  this  stage  x  h  x  <p  x  Sq^ 


Areal  Sweep  Efficiency  (E  )  = 

a  s 


Area  contacted  by  flooding  water 


Network  Area 


Area  contacted  xhx<J)x(S.-S  )xS. 

 oi  or_ oi 

Network  Area  xhx<J)x(S.-S  )xS. 

Y  oi  or  oi 

Oil  Recovery  (cc.) 

Network  Pore  Volume  x  E ,  x  S 

d  oi 

Oil  Recovery  (cc.) 

Network  Hydrocarbon  Pore  Volume  (cc)  x  E 
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Oil  Recovery  (Network  HCPV) 


E 


d 


5. 


6  o 


Displaceable  Pore  Volume  =  Network  Pore  Volume  x  (S  S  ) 

oi  or 


=  Network  HCPV  x  E 

Instantaneous  Water-Oil  Ratio  (WOR) 

Water  produced  during  any  interval 
Oil  produced  during  the  same  interval 


Two  different  patterns  -  an  isolated  normal  five- 
spot  and  four  inverted  five-spot  -  were  studied.  A  total 
of  16  different  runs  were  made  but  only  8  good  runs,  5  for 
isolated  normal  five-spot  and  3  for  four  inverted  five- 
spot,  are  reported  and  analyzed.  All  the  runs  in  the  case 
of  isolated  normal  five-spot  were  conducted  at  a  constant 
injection  rate  of  400  cc/hr/well  or  1600  cc/hr.,  which  was 
well  above  the  value  calculated  from  Rappoport's  scaling 
coefficient  to  make  the  flood  independent  of  rate.  Also 
a  constant  d/r^  ratio  of  approximately  181  was  used,  where 
d  is  the  distance  between  the  production  and  injection 
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well  and  r  the  radius  of  the  well-bore 8  Tests  were 

w 

conducted  at  different  back  pressures  to  analyse  the 
recovery  and  areal  sweep  efficiency  as  affected  by  the 
back  pressure* 

In  the  case  of  the  four  inverted  five-spot, 

3  runs  were  conducted „  They  were  all  at  the  same  back 
pressure  of  21*5  cm.  of  water.  It  was  established  from 
the  isolated  normal  five-spot  pattern  study  that  back 
pressure  did  not  affect  the  recovery  or  areal  sweep 
efficiency  as  long  as  it  was  kept  below  a  certain  limit. 
This  was  attributed  to  a  lack  of  expansion  of  the  model 
at  low  back  pressures  and  hence,  no  by-passing  of  fluids. 

In  this  case  the  d/r  ratio  was  kept  constant  for  all 
the  three  different  runs,  although  it  was  exactly  one- 
half  of  that  employed  in  normal  isolated  five-spot  case 
(approximately  equal  to  90.5).  The  injection  rate  of 
flooding  water  was  varied  for  the  three  different  runs 
to  examine  the  dependency  of  rate  on  the  flood  performance. 

An  example  of  the  photographs  taken  during  a 
run  showing  the  area  contacted  by  flooding  water  for  the 
cases  of  an  isolated  normal  five-spot  and  four  inverted 
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five-spot  is  shown  in  Figures  5  and  6  respectively. 

The  white  portion  is  the  area  contacted  by  flooding 
water.  This  area  was  planimetered  and  was  expressed  as 
a  fraction  of  the  total  network  area  to  give  the  areal 
sweep  efficiency  at  any  instant  of  time. 

The  mobility  ratio  for  all  the  8  runs  was 
kept  constant  and  was  equal  to  0.98  (the  useful  value 
of  mobility  ratio  as  calculated  by  Craig,  Geffen  and 
Morse  [12]  method) .  In  all  the  runs,  the  injection 
was  stopped  corresponding  to  approximately  8  to  8.5 
network  pore  volumes  of  fluid  throughput.  The  network 
area  was  the  same  for  both  the  isolated  normal  five- 
spot  and  the  four  inverted  five-spot.  As  the  fluids 
were  incompressible  and  immiscible,  the  throughput 
was  equal  to  the  total  amount  of  oil  and  water 
produced . 


Before  reviewing  the  actual  results,  it 
should  be  pointed  out  that  for  an  isolated  normal 
five-spot  study  on  the  present  model,  Serra  [43]  found 
a  change  in  oil  recovery  and  in  areal  sweep  efficiency 
with  a  change  in  the  back  pressure  on  the  model. 
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Area  Swept  as  a  Function  of  Cur  ulati  vo  vg/fuv.:  t 

ISOLATED  NORMAL  FIVE-SPOT 

RUN  NO.  1 


Injection  Rate  =  400  cc. /hr. /well  =  1600  cc./hr. 
Back  Pressure  =  0 


Fig.  5 


Area  Swept  as  a  Function  of  Cumulative  Throughput 


FOUR  INVERTED  FIVE-SPOTS 

RUM  NO.  7 


Injection  Rate  =  480  cc. /hr. /well  =  1920  cc./hr. 
Back  Pressure  =  21.5  cm.  of  water. 


Fig.  6 
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There  is  no  theoretical  explanation  for  this  behavior. 
According  to  Wyckoff ,  Botset  and  Muskat  [48] ,  there  should 
not  be  any  change  in  the  distribution  of  equipressure 
lines  and  streamlines  with  a  change  in  pressure  at  the 
input  and  output  wells .  The  same  phenomenon,  though  to 
a  lesser  extent,  was  also  observed  in  the  present  study 
on  the  isolated  normal  five-spot  pattern.  On  examining 
the  data,  it  may  be  observed  that  there  seems  to  be  a 
trend  in  the  recovery  performance  with  the  back  pressure. 
The  first  three  back  pressures  studied  show  a  scattering 
of  data  with  no  particular  trend.  It  is  believed  that 
this  data  is  within  experimental  error  of  the  equipment. 

To  investigate  the  reason  for  this  behavior,  a  record 
of  injection  pressures  was  made  for  all  the  runs.  Since 
the  injection  rate  for  any  particular  run  was  constant, 
the  injection  pressure  changed  with  the  advance  of 
flood  front.  It  was  noticed  that  the  higher  the  back 
pressure  used,  the  higher  the  injection  pressure  reached. 
The  model  was  made  of  lucite  plates  which  were  held 
together  only  at  the  periphery.  It  was  reasonable  to 
expect  a  small  amount  of  expansion  in  the  model  above 


bluorte  »d)  ,{IM  *»*«>«  *«*  ;ioa  oi  pnibWOOA 

i-jMMqlope  le  «oM«ifei*H>  fJ  ni  •*««»  V*  *d  don 

pninxmaxe  nO  .xwafeeq  Joq«-avi  leanon  '»**•  33  •'  ^  no 
.i.miEwq  feed  arid  riiiw  soroMtfeixaq  pw**1  9riJ  -i  1  r:3!:; 

aoni8  .  anui  arid  He  *ol  obera  aew  eawaaawj  19  :  10 


60 


a  certain  limit  of  the  injection  pressure.  This  limit 
was  found  to  be  about  40  cms.  of  mercury  (gauge).  This 
expansion  may  result  in  by-passing  of  the  fluids  and 
hence  account  for  the  variation  of  results  at  different 
back  pressures.  It  was  also  noticed  that  if  the  back 
pressure  was  held  within  a  certain  limit,  so  that  the 
injection  pressure  did  not  cross  the  limit  of  40  cm. 
of  mercury  (gauge)  until  the  run  was  terminated,  the 
recoveries  and  areal  sweep  efficiencies  obtained  were 
essentially  independent  of  back  pressure,  within 
experimental  error.  This  indicated  that  the  performance 
of  the  floods  was  probably  independent  of  back  pressure 
below  a  certain  level  and  the  variations  noticed  were 
a  result  of  the  limitations  of  the  model. 

Isolated  Normal  Five-Spot 

The  performance  of  the  isolated  normal  five- 
spot  pattern  is  graphically  shown  in  Figures  7  through 
13.  In  all  cases  the  data  for  run  numbers  1,  2,  and  3 
(with  constant  injection  rate  and  varying  back  pressures) 
have  been  curve  fitted  to  a  polynomial  of  the  type 
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ao+a!X  +a2x2+a3x3+...  (8) 

It  has  previously  been  shown  that  there  was  no  effect 
of  back  pressure  on  the  performance  of  the  flood  and 
the  observed  small  variations  were  due  to  the  experi¬ 
mental  error.  Run  numbers  4  and  5  which  were  taken  at 
a  considerably  higher  back  pressure  (104.4  cm  of  water) 
are  also  shown  but  were  not  included  in  the  curve-fit. 
These  results  show  that  at  high  back  pressures,  by¬ 
passing  of  the  fluids  occurred,  resulting  in  higher 
areal  sweep  efficiencies  and  lower  oil  recoveries. 

Two  runs  at  the  same  back  pressure  (104.4  cm.  of  water) 
were  conducted  to  check  the  reproducibility  of  the 
results . 


Figure  7  shows  the  cumulative  throughput 
expressed  in  network  pore  volumes  as  a  function  of 
oil  recovery  in  network  pore  volumes 0  Figure  8  shows 
the  relationship  of  throughput  versus  oil  recovery  in 
network  hydrocarbon  pore  volumes.  Figure  9  shows  the 
throughput  in  network  hydrocarbon  pore  volumes  versus 
oil  recovery  in  network  hydrocarbon  pore  volumes. 
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FIG.  7  -  THROUGHPUT  IN  NETWORK  PORE  VOLUME  Vs. 
OIL  RECOVERY  IN  NETWORK  PORE  VOLUME 
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Although  it  is  possible  to  calculate  the  results  shown 
on  Figures  8  and  9  from  the  results  of  Figure  7,  they 
were  plotted  for  the  convenience  of  the  reader 0  From 
these  curves  it  may  be  observed  that  at  a  throughput 
of  8.0  network  pore  volumes  of  flooding  water,  2.55 
network  pore  volumes  or  3.15  network  hydrocarbon  pore 
volumes  of  oil  recovery  were  obtained.  The  breakthrough 
recovery  (the  point  of  deviation  from  the  straight 
line)  was  found  to  be  0.65  network  pore  volumes  or  0.75 
network  hydrocarbon  pore  volumes. 

Figure  10  shows  the  areal  sweep  efficiency 
as  a  fraction  of  network  area  as  a  function  of  through¬ 
put  in  network  pore  volumes.  It  may  be  observed  that 
the  breakthrough  areal  sweep  efficiency  was  about  3.35 
times  the  network  area.  After  the  injection  of 
approximately  6.0  pore  volumes  of  flooding  water,  the 
area  contacted  was  equal  to  7.5  times  the  network  area. 

The  displacement  efficiency  was  calculated 
using  the  results  shown  in  Figures  8  and  10.  The 
calculations  are  shown  in  Appendix  VII (a) .  The 
average  displacement  efficiency  was  found  to  be  equal 


m  ©rie  BdXuaoi  arid  sdcIuoX^o  ci  Did.  aoq  ai  di  ripuorfdXA 

arid  do  ^oneinsvnoo  arid  :tod  beddolq  adsw 


22. £  ,i9tj  w.  pnibooXd  do  aemtilov  sxoq  Bowden  0.8  do 


ciiitii  '  arid  moi$  aoxdf  ivob  do  dxi  oq  orid)  ^i  voosi 
2  V .  0  to  ?..  ii/Iov  o*:oc  ri  >vden  2*  .  ad  od  anuod  a  .v.  on.  I 

,  .*.nu  >  :•  w,  i  x.  x;  -n 


•  xl;  a\  sc  a  sd  -'sm  ’ 

2£.£  duodB  3tw  voruioi.  'a  q  - awe  l&sir  ripjjo^ridtfjsasd  arid 

do  noidosrni  9i;  :  r‘H- 


.01  bne  8  aa'ijjpi'd  ni  n  >ris  adXuasi  arid  pnisn 


. (s)IlV  xibnsqcA  ni  nworis  die  anoidfiluolfio 


9 

8 

7 

6 

5 

4 

3 

2 

1 

0 


FIG.  10-  THROUGHPUT  IN  NETWORK  PORE  VOLUME 
Vs.  AREAL  SWEEP  EFFICIENCY 
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to  43%  after  a  throughput  of  6.0  network  pore  volume 
of  water.  The  displacement  efficiency  will  be  higher 
near  the  injection  wells  because  of  the  greater 
throughput  through  the  area  around  the  injection 
wells . 


The  results  shown  in  Figures  11  and  12  were 
calculated  using  a  displacement  efficiency  of  43%. 

Figure  11  shows  the  oil  recovery  in  network  displaceable 
pore  volumes  as  a  function  of  throughput  in  network 
displaceable  pore  volumes.  Figure  12  shows  a  relation¬ 
ship  of  the  areal  sweep  efficiency  versus  throughput 
in  network  displaceable  pore  volumes. 

Figure  13  relates  the  instantaneous  water- 
oil  ratio  against  throughput  in  network  pore  volumes. 

It  may  be  noted  that  water-oil  ratio  steadily  increased 
as  more  and  more  water  was  injected.  It  is  expected 
that  after  a  certain  cumulative  water  injection,  the 
water-oil  ratio  should  rise  sharply,  and  no  more  oil 
should  be  produced  with  further  water-injection,  but 
in  the  present  case,  the  water-oil  ratio  became  steady 
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FIG.  11  -  THROUGHPUT  IN  NETWORK  DISPLACEABLE  PORE  VOLUME  Vs 
OIL  RECOVERY  IN  NETWORK  DISPLACEABLE  PORE  VOLUME 
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FIG.  12  -  THROUGHPUT  IN  NETWORK  DISPLACEABLE  PORE  VOLUME 
Vs.  AREAL  SWEEP  EFFICIENCY 
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at  about  5.4  after  the  injection  of  about  6.5  network 
pore  volumes  of  water.  It  is  believed  that  this  was 
due  to  oil  production  from  more  and  more  freshly 
contacted  areas  which  compensated  for  less  and  less 
subordinate  production  from  the  swept  area.  The 
latter  portion  of  the  curve  corresponds  to  the  time 
after  injection  ceased,  but  because  of  internal  pressure 
within  the  model,  flow  continued  (See  data  in  Appendix 
VIII) .  The  observed  decrease  in  water-oil  ratio  might 
be  attributed  to  gravity  separation. 


Effect  of  Mobility  Ratio  on  the  Performance  of  an  Isolated 
Normal  Five-Spot 

As  explained  earlier,  back  pressure  should  not 
effect  the  performance  of  a  flood,  provided  the  back 
pressure  is  below  a  certain  limit.  Taking  this  into 
account,  Serra's  [43]  data  for  the  performance  of  an 
isolated  normal  five-spot  at  a  mobility  ratio  of  0.32 
at  low  back  pressures  was  curve  fitted.  Figure  14 
(which  is  a  plot  of  throughput  in  network  pore  volumes 
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versus  oil  recovery  in  network  hydrocarbon  pore  volumes) 

shows  the  experimental  points  for  four  different  runs 

taken  by  Serra  at  a  mobility  ratio  of  0*32,  an  injection 

rate  of  480  cc/hr/well  and  a  d/r  ratio  of  181.  It  also 

w 

shows  the  curve-fit  line  for  these  experimental  points 
and  also  the  curve-fit  line  for  the  same  pattern  from 
the  present  study  at  a  mobility  ratio  of  0.98.  It  may 
be  observed  that  there  is  a  significant  difference  in 
the  recovery  of  oil  at  the  two  different  mobility  ratios. 
From  the  very  beginning,  the  oil  recovery  at  a  mobility 
ratio  0.32  is  higher.  The  oil  recovery  at  breakthrough 
in  the  former  case  is  about  9.6  network  hydrocarbon 
pore  volumes  as  compared  to  0o75  network  hydrocarbon  pore 
volumes  in  the  latter  case.  The  difference  goes  on 
increasing  as  more  and  more  water  is  injected  and 
ultimately  at  a  total  throughput  of  about  8.0  network 
pore  volumes  of  water,  there  was  only  3.1  network 
hydrocarbon  pore  volumes  of  oil  recovery  at  a  mobility 
ratio  of  0.98  as  compared  to  12.4  network  hydrocarbon 
pore  volumes  of  oil  recovery  at  a  mobility  ratio  of 
0.32.  It  whould  be  emphasized  that  the  comparison  of 
Serra' s  data  and  the  present  data  is  somewhat  questionable 
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due  to  the  fact  that  the  basic  model  and  the  method  of 
packing  this  model  are  significantly  different.  There¬ 
fore,  the  comparisons  were  made  only  to  varify  the  order 
of  magnitude  results  as  influenced  by  mobility  ratio. 

Figure  15  shows  the  areal  sweep  efficiency 
versus  throughput  in  network  pore  volumes.  The  data 
points  for  four  different  runs  at  a  mobility  ratio  of 
0.32  taken  by  Serra  and  curve-fit  are  compared  with 
the  present  work  at  a  mobility  ratio  of  0.98.  It  may 
be  noted  that  in  the  initial  stages,  the  areal  sweep 
efficiency  at  mobility  ratio  of  0.98  is  slightly  higher 
than  that  at  0.32,  which  is  contrary  to  the  results 
reported  in  the  literature  for  the  confined  case. 
Unfortunately  there  are  no  results  available  in  the 
literature  for  an  unconfined  system.  It  might  be 
said  that  within  experimental  error,  there  is  no 
significant  difference  in  areal  sweep  efficiency  up 
to  a  throughput  of  about  4.7  network  pore  volumes  of 
water  for  the  two  different  mobility  ratios.  The 
calculated  breakthrough  sweep  efficiency  is  about 
3.35  times  the  network  area  at  a  mobility  ratio  of 
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0.98  as  compared  to  7.0  times  the  network  area  at  a 
mobility  ratio  of  0.32.  After  a  throughput  of  4.7 
network  pore  volumes  of  water,  the  difference  in  the 
areal  coverage  seems  to  increase  for  the  two  cases. 
Ultimately  at  a  cumulative  injection  of  6.4  network 
pore  volumes  of  water,  7.5  times  the  network  area  is 
swept  by  the  injection  water  at  a  mobility  ratio  of 
0.98  as  compared  to  9.4  times  the  network  area  at  a 
mobility  ratio  of  0.32. 

It  should  be  noted  in  Figures  14  and  15  that 
all  of  Serra's  [43]  data  points  for  the  different  runs 
lie  approximately  on  the  same  line  in  the  initial 
stages  up  to  about  7.0  pore  volumes  of  throughput,  when 
the  injection  pressure  was  below  the  limit,  but  they 
diverge  in  the  later  stages.  It  should  also  be  noted 
that  oil  recoveries  increase  with  back  pressure  in  the 
later  stages  whereas  areal  sweep  efficiencies  do  not 
show  any  specific  trend.  The  increase  in  oil  recoveries 
may  be  due  to  the  formation  of  a  thin  film  of  oil  on 
top  of  the  model  when  it  expanded.  This  film  may  be 
easily  displaced  by  the  injection  water  resulting  in 
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an  increase  in  recovery,.  In  the  present  work,  the  oil 
recoveries  were  essentially  the  same  except  for  a  very 
high  back  pressure,  in  which  case  they  were  lower 
(Figure  7) .  Similarly  the  areal  sweep  efficiencies 
were  also  essentially  the  same  except  for  very  high 
back  pressure,  when  they  were  higher  (Figure  10) .  The 
reason  for  the  reversal  of  recovery  at  very  high  back 
pressure  (hence  very  high  injection  pressure)  from 
Serra ' s  work  may  be  due  to  fingering  of  injection 
water  through  the  oil  which  is  more  viscous  than  water 
in  the  present  study.  This  phenomenon  did  not  occur 
in  Serra' s  work  because  of  his  use  of  iso-octane  as 
the  non-wetting  phase  which  was  much  less  viscous  than 
the  injection  water.  This  also  explains  the  higher 
areal  sweep  at  very  high  back  pressures  obtained  in 
the  present  case.  This  reversal  in  oil  recovery  at 
high  back  pressure  may  also  be  due  to  non-linear  flow 
as  a  result  of  the  distortion  in  the  model. 

The  main  reason  for  believing  that  there  is 
no  effect  of  back  pressure  on  oil  recovery  and  areal  sweep 
efficiency  is  that  for  low  throughput  volumes  all  the 
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data  points  for  the  two  cases  lie  on  the  same  line  in 
both  the  present  work  as  well  as  in  Serra's  work.  One 
more  point  to  be  observed  is  the  greater  divergence  of 
the  data  points  in  the  later  stages  of  Serra's  work  as 
compared  to  that  of  present  work.  This  may  be  a  result 
of  the  pressure  at  which  the  model  was  packed.  It  is 
believed  that  the  model  in  the  present  case  was  packed 
at  a  higher  pressure  and  thus  there  was  less  expansion  as 
compared  to  that  in  Serra's  case. 

Four  Inverted  Five-Spot 

The  performance  of  the  four  inverted  five-spot 
pattern  is  graphically  shown  in  Figures  16  through  22. 

In  all  cases,  run  numbers  6,  7,  and  8,  have  been  plotted 
and  curve  fitted  to  give  the  best  representative  line 
for  the  performance  of  the  flood.  All  the  runs  were 
taken  at  different  injection  rates,  but  at  a  constant 
back  pressure.  The  d/r^  ratio  in  this  case  was  90.5. 
According  to  the  theory,  d/r^  ratio  does  not  have  any 
significant  influence  on  areal  sweep  efficiency.  The 
experimental  points  are  not  scattered  and  thus  clearly 
shows  that  the  floods  were  "stabilized"  and  hence,  the 
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injection  rates  employed  were  above  the  critical  rate.  This 
supports  the  theory  of  Rappoport's  critical  scaling 
coefficient  [39],  The  back  pressure  employed  was  of  a 
low  magnitude  (21.5  cm.  of  water).  There  were  nine 
producers  for  four  injectors  as  compared  to  one 
producer  for  four  injectors  in  the  isolated  normal  five- 
spot  case.  This  resulted  in  very  small  injection  pressures 
in  the  order  of  6  to  8  cm.  of  mercury  (gauge) ,  which 
eliminated  any  possibility  of  the  expansion  of  the  model 
and  hence  by-passing  of  the  fluids. 

Figure  16  shows  the  relationship  of  throughput 
in  network  pore  volumes  against  oil  recovery  in  network 
pore  volumes.  Figure  17  illustrates  the  oil  recovery  in 
network  hydrocarbon  pore  volumes  versus  throughput  in 
network  pore  volumes.  Figure  18  shows  oil  recovery  in 
network  hydrocarbon  pore  volumes  versus  throughput  in 
network  hydrocarbon  pore  volumes.  From  these  curves,  it 
may  be  noted  that  after  an  injection  of  8.0  network  pore 
volumes  of  water,  2.42  network  pore  volumes  or  2.87 
network  hydrocarbon  pore  volumes  of  oil  were  produced. 

The  breakthrough  recovery,  where  the  curve  deviates 
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from  the  straight  line,  was  0.80  network  pore  volumes  or 
1.10  network  hydrocarbon  pore  volumes. 

Figure  19  shows  the  areal  sweep  efficiency  as 
a  function  of  throughput  in  network  pore  volumes.  It 
shows  that  by  injecting  8.5  network  pore  volumes  of 
water,  the  total  areal  coverage  by  the  flooding  water 
was  about  5.65  times  the  network  area.  Also  the 
breakthrough  areal  sweep  efficiency  was  equal  to 
about  2.5  times  the  network  area. 

It  was  possible  to  calculate  the  displacement 
efficiency  for  this  pattern  from  Figures  17  and  19. 

The  detailed  calculations  are  given  in  Appendix  VII (b) . 
The  average  displacement  efficiency  calculated  for  the 
four  inverted  five-spot  case  was  found  to  be  approxi¬ 
mately  58%  after  a  throughput  of  8.0  network  pore 
volume  of  water.  Using  this  calculated  value  of 
displacement  efficiency.  Figures  20  and  21  were 
prepared  relating  oil  recovery  in  network  displace¬ 
able  pore  volumes  and  areal  sweep  efficiency  as  a 
function  of  throughput  in  network  displaceable  pore 
volumes,  respectively. 
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Figure  22  relates  throughput  in  network  pore 
volumes  versus  instantaneous  water-oil  ratio.  The 
best  possible  line  was  drawn  by  curve-fitting  the 
data  points  to  a  polynomial  of  the  type 

aQ  +  al (1/x)  +  a2(l/x)2  +  a3 (1/x) 3  +  ...  (9) 

It  may  be  ovserved  that  the  instantaneous  water-oil 
ratio  increased  steadily  after  breakthrough  with  increas¬ 
ing  water  injected.  At  a  total  injection  of  8.5  network 
pore  volumes,  a  water-oil  ratio  of  9  was  attained.  As 
observed  from  the  data  given  in  Appendix  VIII,  there 
was  little  fluid  production  after  the  injection  was 
terminated.  This  indicates  that  there  was  little  or  no 
expansion  of  the  model  in  this  case,  unlike  the  case  of 
isolated  normal  five-spot.  This  was  to  be  expected  as 
the  injection  pressure  was  quite  low. 

Comparison  of  Isolated  Normal  Five-Spot  and  Four  Inverted 
Five-Spot  Performances 

Figures  23  and  24  show  the  comparison  of  the 
performance  of  an  isolated  normal  five-spot  and  four 
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inverted  five-spot  systems.  The  performance  of  the 
isolated  normal  five-spot  was  at  a  d/r^  ratio  of  181, 
whereas  that  of  four  inverted  five-spot  was  at  a  d/r^ 
ratio  of  90.5.  Figure  23  shows  throughput  in  network 
pore  volumes  as  a  function  of  oil  recovery  in  network 
hydrocarbon  pore  volumes  and  Figure  24  shows  areal 
sweep  efficiency  related  to  throughput  in  network  pore 
volumes.  On  reviewing  these  results  of  Figure  23,  it 
would  appear  that  there  is  essentially  very  little 
difference  between  the  oil  recovery  performance  of  the 
two  patterns  since  much  of  our  data  is  scattered  to  the 
extent  that  the  difference  noted  might  be  due  to 
experimental  error.  On  the  other  hand,  when  one  re¬ 
views  Figure  23  along  with  Figure  24,  there  is  an 
indication  that  the  performance  of  the  patterns  is 
significantly  different. 

The  breakthrough  recovery  in  the  case  of  an 
isolated  normal  five-spot  was  about  0.75  network  hydro¬ 
carbon  pore  volumes  as  compared  to  1.10  network  hydro¬ 
carbon  pore  volumes  for  the  four  inverted  five-spot. 
Thus,  the  ratio  of  breakthrough  recoveries  for  the  two 
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cases  at  a  mobility  ratio  of  0.98  is  about  1.46  which 
compares  with  a  value  of  1.25  reported  by  Bernard  and 
Caudle  [4]  at  a  mobility  ratio  of  1.0.  There  was  no 
appreciable  difference  in  the  oil  recoveries  for  the 
two  cases  up  to  a  cumulative  throughput  of  about  4.5 
network  pore  volumes  of  water.  This  is  probably  be¬ 
cause  of  the  absence  of  fluid-flow  beyond  the  well 
pattern  up  to  this  stage.  After  that,  the  oil  recovery 
is  slightly  lower  in  the  case  of  four  inverted  five- 
spot,  so  consequently  at  a  total  throughput  of  8.0 
network  pore  volumes  of  water  about  3.15  network 
hydrocarbon  pore  volumes  of  oil  was  recovered  in  the  case 
of  an  isolated  normal  five-spot  as  compared  to  about 
2.90  network  hydrocarbon  pore  volumes  of  oil  for  four 
inverted  five-spot.  The  lesser  recovery  in  the  latter 
case  is  expected  as  this  pattern  behaves  more  like  a 
confined  case  than  the  isolated  normal  five-spot. 

Similar  results  were  also  reported  by  Bernard  and 
Caudle  [4] .  The  isolated  normal  five-spot  gives  a 
far  too  optimistic  recovery  because  of  significant 
flow  outside  the  well  pattern. 
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Figure  24  indicates  that  there  was  a  significant 
difference  in  the  areal  coverage  by  flooding  water  for  the 
two  cases.  From  the  very  start  of  the  injection,  the 
areal  coverage  by  the  flooding  water  was  greater  for  an 
isolated  normal  five-spot  than  for  the  four  inverted 
five-spot.  This  difference  was  not  too  large  up  to  a 
throughput  of  about  1.4  network  pore  volumes  of  water  but 
increased  later  on  with  increasing  throughput.  Finally  at 
a  cumulative  throughput  of  6.25  network  pore  volumes  of 
water,  the  areal  sweep  efficiency  was  approximately  7.5 
times  the  network  area  for  an  isolated  normal  five-spot, 
whereas  it  was  only  about  5.15  times  the  network  area 
for  four  inverted  five-spot.  The  lower  areal  coverage 
for  the  four  inverted  five-spot  case  was  also  expected, 
as  the  surrounding  wells  in  the  network  are  producers 
unlike  those  in  the  isolated  normal  five-spot  case,  where 
they  were  injectors.  The  surrounding  producers  do  not 
permit  a  great  amount  of  fluid  to  be  lost  outside  the 
network  area  and  the  injection  water  is  utilized  in 
sweeping  more  and  more  oil  from  the  swept  region.  In 
the  case  with  surrounding  injectors,  a  large  fraction  of 
injected  water  is  used  in  sweeping  the  area  outside  the 
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network  area,  displacing  it  towards  the  central  sink, 
resulting  in  an  optimistic  oil  recovery  and  areal  coverage. 

From  Figures  23  and  24,  it  may  also  be  noted 
that  although  the  oil  recovery  for  the  two  cases  was 
not  significantly  different,  there  was  a  marked 
difference  in  areal  sweep  efficiency.  This  suggests 
that  the  displacement  efficiencies  in  the  two  cases 
were  substantially  different.  A  larger  number  of  pore 
volumes  of  water  had  swept  a  unit  area  in  the  four 
inverted  five-spot  case,  resulting  in  a  higher  displace¬ 
ment  efficiency.  At  a  cumulative  throughput  of  6.0  net¬ 
work  pore  volumes  of  water,  the  displacement  efficiency 
was  43%,  for  an  isolated  normal  five-spot  as  compared 
to  58%  for  a  four  inverted  five-spot  pattern. 

This  support  the  fact  that  a  four  inverted 
five-spot  pattern  simulates  a  closer  performance  to  a 
unit  in  a  fully  confined  or  developed  field  as  compared 
to  that  given  by  an  isolated  normal  five-spot. 
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Performance  of  the  Inner  Normal  Five-Spot  of  the  Four 
Inverted  Five-Spot  Case 

In  the  literature,  for  a  confined  five-spot  case 
(no  fluid-flow  outside  the  network  boundary) ,  the  break¬ 
through  sweep  efficiency  has  been  reported  to  be  70-75% 
for  a  mobility  ratio  of  1.0  [44].  To  compare  the  results 
of  the  present  study  at  a  mobility  ratio  of  0.98  with 
published  results,  the  performance  of  the  inner  five- 
spot  from  the  four  inverted  five-spot  case,  was  studied. 

The  total  amount  of  fluid  produced  (oil  and 
water)  from  the  center  well  in  the  four  inverted  five- 
spot  case  was  assumed  to  be  the  total  throughput  in  the 
inner  five-spot.  This  throughput  in  network  (inner 
five-spot)  hydrocarbon  pore  volumes  was  related  to  the 
oil  recovery  in  network  hydrocarbon  pore  volumes. 

Assuming  that  the  displacement  efficiency  for  this 
inner  five-spot  was  the  same  as  that  for  the  whole  four 
inverted  five-spot  network,  one  could  calculate  the 
relationship  for  areal  sweep  efficiency  versus 
throughput  in  hydrocarbon  pore  volumes.  This  was 
obtained  by  dividing  the  oil  recovery  in  network 
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hydrocarbon  pore  volumes  by  the  displacement  efficiency. 

The  relationships  have  been  shown  in  Figure  25. 
It  was  noted  that  there  was  a  significant  difference  in 
the  performance  of  the  center  well  for  the  three  different 
injection  rates.  The  reason  might  be  explained  by  one 
of  the  shortcomings  of  the  model.  As  pointed  out  earlier, 
the  injection  pressures  in  the  four  inverted  five-spot 
case  were  very  low.  As  a  result  even  a  little  friction 
or  a  small  obstacle  in  the  narrow  production  tubing 
might  cause  the  flow  of  fluids  to  stop  in  one  well  and 
divert  its  flow  to  other  wells.  This  seems  to  be  one 
of  the  reasons  for  this  behavior  of  the  center  well, 
because,  as  observed  earlier,  the  overall  performance 
of  the  network  for  the  three  different  runs  was 
essentially  the  same  (Figure  18).  It  is  quite  possible 
that  the  observed  difference  in  performance  (which 
correlates  with  injection  rate)  could  be  due  to  the 
fact  that  the  scaling  criterion  under  which  the  experi¬ 
mental  data  in  this  model  was  taken  were  not  met  in  the 
area  of  the  inner  five-spot.  Therefore,  recovery  could 
decrease  with  increasing  injection  rate.  A  decrease  in 
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recovery  with  increasing  injection  rate  was  observed  in 
previous  experimental  work  and  was  thought  to  be  due  to 
viscous  fingering. 

In  an  attempt  to  compare  the  results  of  the  per¬ 
formance  of  this  inner  five-spot  with  published  data, 
calculations  were  performed  to  convert  the  oil  recovery 
performance  to  areal  sweep  efficiency  up  to  a  throughput 
network  pore  volume  of  slightly  less  than  1.0.  These 
calculated  results  are  shown  by  the  solid  straight  line 
on  Figure  25. 

The  point  at  which  the  oil  recovery  deviates 
from  the  straight  line  was  assumed  to  be  equivalent  to 
the  breakthrough  areal  sweep  efficiency.  From  Figure 
25,  it  was  found  to  be  equal  to  102.5%,  which  exceeds 
any  published  result.  This  might  be  a  result  of  one  or 
both  the  following  reasons: 

1)  The  inner  five-spot  of  the  four  inverted 

five-spot  pattern  in  the  present  model  did 
not  behave  as  a  fully  confined  system  and 
fluid-flow  across  the  pattern  boundary  took 
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place,  resulting  in  a  higher  breakthrough 
areal  sweep  efficiency. 

2)  The  assumption  that  the  displacement 

efficiency  for  the  inner  five-spot  could 
be  assumed  to  be  that  calculated  for  the 
four  inverted  five-spot  pattern,  may  not  be 
valid.  As  pointed  out  in  the  comparison  of 
isolated  normal  five-spot  and  four  inverted 
five-spot  performances,  there  would  be  a 
higher  displacement  efficiency  if  more  pore 
volumes  of  injection  water  pass  through  a 
unit  area.  This  may  result  in  a  higher  value 
of  displacement  efficiency  for  the  inner 
five-spot  than  that  for  the  whole  network. 

The  use  of  a  higher  value  of  displacement 
efficiency  will  reduce  the  value  for 
calculated  breakthrough  areal  sweep  efficiency 
and  hence  this  calculated  value  could  approach 
the  figure  reported  in  the  literature.  Assuming 
that  the  inner  normal  five-spot  has  a  dis¬ 
placement  efficiency  of  76.3%  as  shown  in 
the  linear  tests  (Appendix  III) ,  the 
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calculated  value  of  the  areal  sweep  efficiency 
at  breakthrough  would  be  78%,  which  compares 
favorably  with  the  published  results. 


. 

CONCLUSIONS 


Areal  sweep  efficiency  and  oil  recovery  per¬ 
formances  for  an  isolated  normal  five-spot  and  four 
inverted  tive-spot  patterns  were  studied  on  a  transparent 
radial  lucite  model  packed  with  uniform-size  glass  beads. 
Kerosene  and  distilled  water  were  used  to  simulate  non¬ 
wetting  and  wetting  phases  respectively.  Dyed  water  was 
used  as  injection  water  which  permitted  the  tracing  of 
flood  front.  The  mobility  ratio  of  the  system  was  0.98. 
The  capillary  pressure  effects  were  minimized  by  using 
high  injection  rates. 

The  results  of  this  study  led  to  the  following 
conclusions : 

1)  Based  upon  the  results  of  the  present  study 
for  this  model,  it  was  concluded  that  the  oil  recovery 
and  areal  sweep  efficiency  in  a  waterflood  are  not  a 
function  of  back  pressure.  The  change  in  oil  recovery 
and  areal  sweep  efficiency  noticed  by  Serra  [43]  on  the 
same  model  for  an  isolated  normal  five-spot  pattern  is 
believed  to  be  due  to  a  slight  expansion  in  the  model 
at  higher  back  pressures  (and  hence,  higher  injection 
pressures),  resulting  in  by-passing  of  the  fluids.  The 
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trend  of  higher  recovery  at  higher  back  pressures  in  later 
stages  in  Serra's  work  may  be  due  to  the  formation  of  a 
thin  film  of  oil  floating  on  top  as  a  result  of  expansion 
in  the  model.  This  film  may  be  easily  displaced  by  the 
injection  water  resulting  in  a  higher  recovery. 

2)  There  was  a  significant  change  in  oil  recovery 
with  a  change  in  mobility  ratio  from  0.32  to  0.98.  At 
the  same  time  there  was  not  a  significant  difference  in 
areal  sweep  efficiency  performance  for  the  two  cases, 

up  to  the  stage  the  present  data  was  taken.  Unfortunately 
it  was  not  possible  to  compare  the  change  observed  with 
the  published  data  as  most  of  it  is  for  a  confined  case. 

3)  The  isolated  normal  five-spot  pattern  test 
showed  an  optimistic  recovery  and  areal  sweep  efficiency. 
This  was  due  to  the  fact  that  an  isolated  normal  five- 
spot  is  completely  unconfined  and  injection  water  sweeps 
a  large  area  outside  the  network. 

4)  A  four  inverted  five-spot  pattern  simulated 

a  performance  closer  to  a  confined  case  as  compared  to  an 
isolated  normal  five-spot.  The  surrounding  production 
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wells  did  not  permit  as  much  fluid  to  migrate  outside 
the  network  area. 

5)  The  displacement  efficiency  in  case  of  the  four 
inverted  five-spot  was  higher  (58%)  than  that  for  an 
isolated  normal  five-spot  (43%) .  More  pore  volumes  of 
injection  water  had  swept  through  a  unit  area  in  the 
former  case,  resulting  in  more  subordinate  production 
and  hence,  a  higher  displacement  efficiency. 

6)  One  of  the  major  difficulties  in  analyzing  the 
data  was  a  lack  of  knowledge  of  displacement  efficiency 
for  various  sections  of  the  model  at  different  through¬ 
puts.  It  is  recommended  that  in  future  studies,  either 
a  technique  for  finding  the  displacement  efficiency  of 
any  section  of  the  model  at  any  throughput  should  be 
developed  or  miscible  fluids  should  be  used. 
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APPENDIX  I 


Calculation  of  the  Porosity  of  the  Glass-Bead  Pack  in  the 

Model 


Dimensions  of  the  model  (without  any  expansion)  are: 

Diameter  =  33.6  inches  =  85.4  cms . 

Thickness  =  0.25  inch 

Bulk  volume  (without  any  expansion) 

=  tt/4  (85.4)  2  x  0.25  x  2.54 
=  36  37.5  cc  o 

After  packing,  an  expansion  in  the  model  was 
observed.  To  take  it  into  account  for  calculating 
effective  bulk  volume,  the  outside  thickness  at  the  rim 
of  the  model,  where  it  is  bolted,  and  at  a  distance  from 
the  rim  was  measured.  It  was  assumed  that  the  expansion 
was  gradual  from  the  rim  towards  the  center  of  the  model. 


Thickness  at  the  rim  Thickness  at  a  distance 
(cms)  of  17.5  cm.  from  the 

rim  (cms . ) 


Expansion 
(cms . ) 


10.49 

10.766 

10.52 

10.766 

10.70 

11.036 

10.63 

10.92 

0.276 
0.246 
0.336 
0.29  Q 


Average  =  0.287 
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Average  thickness  of  packing  at  17.5  cms.  from  rim  =  0.25 
inch  +  0.287  cms. 

Radius  of  the  model  =  42.7  cms. 

By  extrapolation,  thickness  at  the  center 

=  0.25  inch  +  0.700  cms. 

=  0.25  inch  +  0.275  inch 
=  0.525  inch 

Using  the  pyramidal  rule,  and  dividing  the  bulge 
in  large  number  of  small  intervals,  the  volume  of  the  bulg 
was  calculated.  Using  this  method,  the  extra  bulk  volume 
was  found  to  be  1287  cc . 

Effective  bulk  volume  of  the  model 
=  3637.5  +  1287.0 
=  4924.5  cc . 

After  evacuation,  water  injected  to  saturate  the  model 
completely  =  1620  cc . 

Porosity  of  the  model  =  1620/4924.5  =  32.9% 

While  calculating  the  pore  volume  of  the  network 
or  displacement  efficiency,  a  volumetric  average  thickness 
for  the  area  in  question  was  used.  To  facilitate  the 
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calculations,  a  plot  (Figure  26)  was  prepared,  giving 
the  volumetric  average  thickness  of  the  packing  against 
any  diameter  around  the  center  of  the  model.  This  was 
prepared  by  calculating  the  volumes  of  different  areas 
in  small  increments  (using  the  pyramidal  rule  for 
calculating  the  extra  volume  of  the  bulge) ,  and  dividing 
it  by  the  corresponding  area  to  give  the  volumetric  average 
thickness . 
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APPENDIX  II 


Calculation  of  the  Absolute  Permeability  of  the  Model 


Muskat's  equation  for  a  five-spot  is: 


k 

w 


Q  y  (In  - -  0.619) 

W_ Tw 

0.003541  AP  h 


where 

k^  =  effective  permeability  to  water,  md. 

0  =  rate  of  injection,  bbl/day 

y  =  viscosity  of  water,  cp. 

d  =  distance  between  injection  well  and 

production  well,  ft. 

r  =  well-bore  radius,  ft. 

w 

AP  =  Pressure  differential,  psi 

h  =  formation  thickness,  ft. 


In  the  present  model,  100%  saturated  with  water, 

Q  =  400  cc/hr/well  =  1600  cc/hr. 

=  0.2415  bbl/day 

AP  =  Average  injection  pressure  -  back  pressure 
=  25.25  cms .  of  mercury 

=  4.88  psi 

h  =  Average  thickness  for  8-inch  side  five-spot 
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1.17  cms 


=  0.0384  ft. 

yw 

=  0.927  cp. 

d 

=  5.657  inch 

r 

w 

=  1/32  inch  =  0.03125  inch 

d/r 

w 

=  181 

In  d/r 

w 

=  5.1985 

k 

w 

0.2415  x  Q „ 927  x  (5.1985  -  0.619) 

0.003541  x  4.88  x  0.0384 

=  1542  md. 

As 

the  model  was  100%  saturated  with  water,  this 

is  the  absolute  permeability  of  the  packing. 

Absolute  permeability  of  the  model  =  1542  md. 
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APPENDIX  III 


Determination  of  Relative  Permeability  Curves 

A  method  for  the  calculation  of  relative  permeabi¬ 
lity  from  displacement  experiments  performed  on  a  linear 
porous  body,  has  been  described  by  Johnson,  Bossier  and 
Naumann  [21],  This  method  was  used  to  determine  the 
relative  permeability  curves  (Figure  4). 

The  authors  have  given  the  following  relations, 
presented  previously  by  Welge,  which  were  needed  for  the 
calculation  of  individual  relative  permeabilities: 
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where , 

f  =  fraction  of  displacing  phase  in  flowing 
stream 

f  =  fraction  of  displaced  phase  in  flowing 
stream 

f'  =  df/ds 

S  =  saturation  of  displacing  phase 

VT  =  cumulative  injection  in  pore  volumes 
kr  =  relative  permeability 
y  =  viscosity 

1  =  relative  injectivity,  u/Ap  t  u/Ap  (at 

start  of  injection) 

u  =  average  velocity,  =  q/A 
q  =  flow  rate 

p  =  pressure  differential  across  the  porous  body 

Subscripts 

av  =  average 

w  =  pertaining  to  water  (displacing  phase) 

o  =  pertaining  to  oil  (displaced  phase) 

2  =  pertaining  to  outlet  face  of  porous  body 

For  any  instant  in  the  displacement,  i.e.,  for  any 
value  of  cumulative  injection  W^,  the  derivative  in  equation 


(5)  could  be  evaluated  from  data  collected  during  the 
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experiment.  For  a  given  value  of  the  fraction  of  oil  in 
the  effluent,  f  ,  could  be  evaluated  separately  by  equation 
(3) .  The  which  was  then  obtained  by  dividing  f  by  the 

derivative  from  the  left-hand  side  of  equation  (5) ,  is  the 
relative  permeability  to  oil  at  the  outlet  face  saturation, 
S2  .  The  S2  for  the  under  consideration  was  obtained 
by  rearranging  equation  (4) : 

S2  =  S  -  W.  (f  ) 2  (4a) 

z  av  i  o  z 


The  expression  for  the  relative  permeability  of 

the  displacing  phase  at  S2  was  obtained  by  solving  equation 

(2)  for  k  : 
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rw 
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For  this  test,  a  lucite  tube,  28.5  cm.  in  length 
was  used.  Its  bulk  volume  was  measured  by  filling  it  with 
water  and  then  measuring  the  volume  of  water.  It  was 
found  to  be  equal  to  235  cc .  The  tube  was  packed  with 
glass  beads  (same  as  used  in  the  radial  model) .  It  was 
evacuated  and  then  saturated  completely  with  distilled 
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water  (this  gave  the  pore  volume  and  hence  porosity) .  The 
oil  was  then  injected  until  no  more  water  was  produced  in 
the  producing  stream.  Water  was  then  injected  at  a 
constant  rate.  A  record  of  fluids  produced  and  corresponding 
injection  pressure  was  kept.  From  this  data,  the  relative 
permeability  curves  were  obtained  (Figure  4) . 

Two  runs,  L-l  and  L-2  were  taken.  The  data  and 
the  calculations  are  shown  on  the  following  page. 


-t  ’O  '  1  '  .  i'.  '  \  -  '  " 

•  on  £  S  it/  :  j;  :t  'sw  O 


pnx  ioq- 1  ttxo:  bnfc  u90u  >0:3  ibiy  lo  bioo» A  ,s.  .  . 


,^q9?i  86W  911/  .iaiq  n  i^  ofcfo 


.  (*  bsnie^do  ei©w  esviuo  £:ti..I£<lftaflraMi 


,rt93(B^  slew  £-Jt  bns  I-J  ,anun  owT 


Bulk  Volume  =  235  cc .  Pore  Volume  =  82.5  cc .  Porosity  =  35.1% 


Initial 

water  (connate) 

saturation  =  9 

.5/82.5  = 

11.5% 

Initial 

Oil  saturation  = 

73/82. 

5  =  88. 

5% 

Rate  of 

injection  =  400 

cc/hr . 

RUN  NO. 

L-l 

AP 

Total  Production 

Water 

Oil 

(cm.  of 

cci4) 

(cc . ) 

T 

cc . ) 

(cc . 

) 

Inst . 

Cum. 

Inst . 

Cum. 

Inst . 

Cum. 

22.1 

5.6 

5.6 

— 

5.6 

5.6 

22.8 

6.7 

12.3 

— 

— 

6.7 

12.3 

22.8 

13.2 

25.5 

— 

— 

13.2 

25.5 

23.6 

6 . 5 

32.0 

- 

- 

6.5 

32.0 

24.4 

3.9 

35.9 

0.1 

0.1 

3.8 

35.8 

31.2 

7.5 

43.4 

1.2 

1.3 

6.3 

42.1 

33.2 

5.7 

49.1 

3.2 

4.5 

2.5 

44.6 

22.2 

10.9 

60.0 

8.5 

13.0 

2.4 

47.0 

20.2 

11.0 

71.0 

9.5 

22.5 

1.5 

48.5 

20.0 

14.4 

85.4 

12.7 

35.2 

1.7 

50.2 

19.2 

14.4 

99.8 

13.1 

48.3 

1.3 

51.5 

18.6 

16.1 

115.9 

14.6 

62.9 

1.3 

52.8 

18.4 

17.2 

133.1 

16.4 

79.3 

0.6 

53.4 

18.0 

16.4 

149.5 

15.4 

94.7 

0.5 

53.9 

17.8 

33.9 

183.4 

32.2 

126.9 

0.7 

54.6 

17.4 

49.2 

232.6 

47.7 

174.6 

0.5 

55.1 

17.2 

50.3 

282.9 

49.5 

224.1 

0.6 

55.7 

17.0 

39.5 

322.4 

39.0 

263.1 

0.3 

56.0 

RUN 

NO.  L 

-2 

17.8 

5.5 

5.5 

— 

— 

5.5 

5.5 

18.0 

11.9 

17.4 

— 

— 

11.9 

17.4 

18.2 

10.1 

27.5 

— 

— 

10.1 

27.5 

18.4 

10.9 

38.4 

0.4 

0.4 

10.5 

38.0 

23.8 

7.0 

45.4 

1.5 

1.9 

5.5 

43.5 

18.2 

9.8 

55.2 

6 . 5 

8.4 

3.3 

46.8 

16.8 

10.5 

65.7 

8.5 

16.9 

2.0 

48.8 

16.0 

12.6 

78.3 

11.0 

27.9 

1.6 

50.4 

15.4 

12.7 

91.0 

11.7 

39.6 

1.0 

51.4 

15.0 

12.2 

103.2 

11.3 

50.9 

0.9 

52.3 

14.6 

12.2 

115.4 

11.5 

62.4 

0.7 

53.0 

14.2 

13.3 

128.7 

12.9 

75.3 

0.4 

53.4 

15.2 

16.2 

144.9 

15.6 

90.9 

0.6 

54.0 

13.8 

13.5 

158.4 

13.1 

104 . 0 

0.4 

54.4 

13.7 

14.0 

172.4 

13.6 

117.6 

0.4 

54.8 

13.7 

15.2 

187.6 

14.9 

132.5 

0.3 

55.1 

14.0 

14.3 

201.9 

14.1 

146.6 

0.2 

55.3 

13.8 

14 . 5 

216.4 

14.3 

160.9 

0.2 

55.5 

13.9 

14.1 

230.5 

14.0 

174.9 

0.1 

55.6 

15.2 

50.9 

281.4 

50.6 

225.5 

0.3 

55.9 

15.2 

24.0 

305.4 

23.9 

249.4 

0.1 

56.0 
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Calculations  for  Run  Nos.  L-l  and  L-2 


u  =  48.51  cm/hr.  UP>initial  =  21  <u/ initial  =  2 . 31 


RUN  NO.  L-l 


w. 

1 

l/Wi 

u/ AP 

I 

r 

1/W.  I 
l  r 

S 

av 

0.068 

14.706 

2.195 

0.950 

15.480 

0.183 

0.309 

3.236 

2.128 

0.921 

3.514 

0.424 

0.388 

2.577 

2.056 

0.890 

2.896 

0.503 

0.435 

2.299 

1.988 

0.861 

2.670 

0.549 

0.526 

1.901 

1.555 

0.673 

2.825 

0.625 

0.595 

1.681 

1.461 

0.632 

2.660 

0.656 

0.727 

1.376 

2.185 

0.946 

1.455 

0.685 

0.861 

1.161 

2.401 

1.039 

1.117 

0.703 

1.035 

0.966 

2.426 

1.050 

0.920 

0.724 

1.210 

0.826 

2.527 

1.094 

0.755 

0.739 

1.405 

0.712 

2.608 

1.129 

0.631 

0.755 

1.613 

0.620 

2.636 

1.141 

0.543 

0.762 

1.812 

0.552 

2.695 

1.167 

0.473 

0.768 

2.223 

0.450 

2.725 

1.180 

0.381 

0.777 

2.819 

0.355 

2.788 

1.207 

0.294 

0.783 

3.429 

0.292 

2.820 

1.221 

0.239 

0.790 

3.908 

0.256 

2.854 

1.235 

0.207 

0.794 

RUN  NO. 

(N 

1 

u  =  48.51 

cm/hr 

(AP)  .  .  .  .  , 

initial 

=  17.7 

(u/AP) 

initial 

0.067 

14.925 

2.725 

0.994 

15.015 

0.182 

0.211 

4.739 

2.695 

0.983 

4.821 

0.326 

0.333 

3.000 

2.665 

0.972 

3.086 

0.448 

0.465 

2.151 

2.636 

0.962 

2.236 

0.576 

0.550 

1.818 

2.038 

0.744 

2.444 

0.642 

0.669 

1.495 

2.665 

0.972 

1.538 

0.682 

0.796 

1.256 

2.888 

1.054 

1.192 

0.707 

0.949 

1.054 

3.032 

1.106 

0.953 

0.726 

1.103 

0.907 

3.150 

1.149 

0.789 

0.738 

1.251 

0.799 

3.234 

1.180 

0.677 

0.749 

1.399 

0.715 

3.323 

1.212 

0.590 

0.758 

1.560 

0.641 

3.416 

1.246 

0.514 

0.762 

1.756 

0.569 

3.416 

1.246 

0.457 

0.770 

1.920 

0.521 

3.515 

1.282 

0.406 

0.775 

2.090 

0.478 

3.541 

1.292 

0.370 

0.779 

2.274 

0.440 

3.541 

1.292 

0.341 

0.783 

2.447 

0.409 

3.465 

1.264 

0.324 

0.785 

2.623 

0.381 

3.515 

1.282 

0.297 

0.788 

2.794 

0.358 

3.490 

1.273 

0.281 

0.789 

3.411 

0.293 

3.191 

1.164 

0.252 

0.793 

3.702 

0.270 

3.191 

1.164 

0.232 

0.794 

Note:  All  of  these  columns  were  calculated  from  experimental  data 
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Calculations  for  Run  Nos.  L-l  and  L-2  (cont'd) 


RUN  NO.  L-l 


w. 

1 

l/w.. 

d(l/W.Ir) 

* 

*  * 

1-f 

o 

k 

ro 

S 

av 

S  2 

k 

rw 

d(l/W.) 

lV2 

f 

o 

0.4 

2.5 

O 

• 

1 - 1 

1.0 

0 

o 

• 

rH 

0.515 

0.115 

0 

0.56 

1.786 

3.15 

0.44 

1.273 

0.14 

0.642 

0.396 

0.126 

0.6 

1.667 

2.34 

0.31 

2.226 

0.13 

0.658 

0.469 

0.204 

0.7 

1.43 

1.67 

0.19 

4.263 

0.11 

0.681 

0.548 

0.330 

0.8 

1.25 

1.37 

0.14 

6.143 

0.10 

0.698 

0.576 

0.433 

0.9 

1.11 

1.23 

0.11 

8.091 

0.09 

0.71 

0.61 

0.513 

1.0 

1.0 

1.18 

0.10 

9.000 

0.085 

0.72 

0.62 

0.539 

1.2 

0.83 

1.11 

0.09 

10.111 

0.08 

0.74 

0.63 

0.570 

1.4 

0.71 

1.07 

0.06 

15.667 

0.056 

0.755 

0.67 

0.618 

1.8 

0.56 

0.97 

0.025 

39.000 

0.026 

0.77 

0.725 

0.714 

RUN 

NO.  L-2 

0.4 

2.5 

1.0 

1.0 

0 

0.99 

0.515 

0.115 

0 

0.56 

1.786 

5.36 

0.55 

0.818 

0.10 

0.65 

0.34 

0.576  (x) 

0.6 

1.667 

2.2 

0.34 

1.941 

0.15 

0.667 

0.463 

0.205 

0.7 

1.43 

1.53 

0.2 

4.000 

0.13 

0.69 

0.55 

0.366 

0.8 

1.25 

1.27 

0.16 

5.250 

0.126 

0.708 

0.58 

0.466 

0.9 

1.11 

1.13 

0.12 

7.333 

0.106 

0.72 

0.61 

0.547 

1.0 

1.0 

1.11 

0.08 

11.500 

0.07 

0.73 

0.65 

0.567 

1.2 

0.83 

1.04 

0.07 

13.286 

0.067 

0.746 

0.662 

0.627 

1.4 

0.71 

0.96 

0.05 

19.000 

0.052 

0.758 

0.688 

0.696 

1.8 

0.56 

0.92 

0.025 

39.000 

0.027 

0.772 

0.727 

0.741 

*  Calculated  graphically  from  Figure  28. 

**  ( f  ) 2  =  d(Sav)/dVT.  This  is  calculated  graphically  from 

Figure  27. 


From  these  calculated  values  the  relative  permeability 


curves  for  oil  and  water  were  drawn  (Figure  4) 
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APPENDIX  IV 


Calculation  of  Mobility  Ratio 

As  pointed  out  earlier,  it  is  not  possible  to  find 
the  exact  value  of  mobility  ratio  in  the  case  of  two  immiscible 
fluids.  The  range  between  which  the  useful  value  of  the 
mobility  ratio  will  lie  may  be  calculated  from  the  linear 
tests  conducted  for  relative  permeability  determination 
(See  Appendix  III) .  The  useful  value  of  the  mobility  ratio 
was  calculated  using  the  method  suggested  by  Craig,  Geffen, 
and  Morse  [12] . 


According  to  the  above  reference,  the  useful  value 
of  the  mobility  ratio  for  immiscible  fluids  may  be  defined 
as, 

M 


y  ,  1 j  =  viscosities  of  oil  and  flooding  water, 
respectively 

k  =  relative  permeability  to  oil  at  initial  oil 
saturation,  i.e.,  existing  ahead  of  the 
flood  front 

k  =  relative  permeability  to  water  at  the  average 
water  saturation  at  breakthrough. 
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1.  From  Linear  Test 


The  data  of  Run  No.  L-2  was  used. 


In  this 

case, 

Soi  : 

=  0.885  .’.  S  .  =  1  -  0.885  =  0.115 

Wl 

Sobt 

=  0.424  .  .  S  ,  .  =  1  -  0.424  =  0.576 

wbt 

where 

®obt' 

Swbt  =  average  oil  and  water  saturation  at 
breakthrough,  respectively. 

From  Figure  4, 

k 

o 

1.0 

k  = 

w 

0.433 

Also 

yo  = 

1.265  cp 

y  w 

0.927 

• 

0.433  x  1.265 

• 

.  M  = 

0.927  x  1.0 

= 

0.59 

If  we 

take  oil  saturation  behind  the  flood  front  as 

irreducible  oil 

saturation  (assuming  plug  flow) ,  which  was 

equal  to 

0.206, 

then  from  Figure  4, 

0.84 
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0.8  x  1.265 

M  =  - 

0.927  x  1.0 

=  1.15 

Therefore,  the  mobility  ratio  in  the  present  flow 
system  may  be  anywhere  between  0.59  and  1.15. 


2 .  Craig,  Geffen  and  Morse  Method 

Knowing  the  viscosity  ratio,  y w/u Q  =  0.927/1.265  = 
0.735,  and  the  relative  permeability  curves  (Figure  4),  the 
following  table  was  prepared,  showing  the  water  saturation 
and  corresponding  fractional  flow  of  water  in  the  flow-stream. 


s 

w 

k 

o 

k 

w 

k 

o 

k  /  y 
o'  o 

k  /y 

1+  °  ° 

1 

f  — 

k 

w 

k  /y 
w  w 

k  /y 
w  w 

^w  k  /y 

1+  ,  ' °  >  ° 
kw/^w 

0.15 

0.91 

0.005 

182.0 

134.0 

135.0 

0.007 

0.20 

0.78 

0.02 

39.0 

28.6 

29.6 

0.034 

0.25 

0.66 

0.035 

18.85 

13.85 

14.85 

0.067 

0.30 

0.535 

0.06 

8.92 

6.55 

7.55 

0.133 

0.35 

0.425 

0.09 

4.72 

3.47 

4.47 

0.224 

0.40 

0.33 

0.13 

2.54 

1.87 

2.87 

0.348 

0.45 

0.25 

0.18 

1.39 

1.02 

2.02 

0.495 

0.50 

0.185 

0.245 

0.755 

0.555 

1.555 

0.644 

0.55 

0.135 

0.35 

0.386 

0.284 

1.284 

0.778 

0.60 

0.098 

0.50 

0.196 

0.144 

1.144 

0.874 

0.65 

0.07 

0.605 

0.116 

0.085 

1.085 

0.920 

0.70 

0.045 

0.69 

0.065 

0.048 

1.048 

0.955 

E3S.I  x  8.0 
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From  this,  a  curve  was  drawn  between  f  and  S 
(Figure  29)  .  A  tangent  was  drawn  to  this  curve  from  = 
0.17  (connate  water  saturation  in  the  radial  case)  and  was 
extended  to  f  =1.0.  The  value  of  S  at  this  point  gave 
the  average  water  saturation  at  breakthrough. 

From  Figure  29, 


^wbt 

=  0.658 

S  . 

Wl 

=  0.17 

From 

Figure  4, 

k 

o 

=  0.86 

k 

w 

=  0.62 

M 

0.62  x  1.265 

0.927  x  0.86 

=  0.98 

Hence  the  useful  value  of  the  mobility  ratio  for 
the  present  fluid-flow  system  was  equal  to  0.98. 
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APPENDIX  V 


Measurement  of  Contact  Angle  by  Capillary  Rise  Method 


As  derived  by  Amyx,  Bass  and  Whiting  [1] ,  the 
contact  angle  between  water  and  glass  in  the  presence  of 
oil  is  given  by 


cos  0 

wo 


r  g  h 


2 


a 

wo 


where 


6 

wo 

r 

g 

h 


P  t  P 

w' 


a 

wo 


contact  angle 

radius  of  the  capillary,  cms . 

acceleration  due  to  gravity,  cm/sec2 

rise  of  water  in  the  capillary,  cm. 

density  of  water  and  oil,  respectively, 
gms/cc . 

interfacial  tension  between  water  and  oil, 
dynes/cm. 


In  the  present  case, 

r  =  0.0315/2  inch  = 

g  =  980.7  cms/sec2 

h  =  7.5  cms . 

p  =  0.996  gms/cc. 

w 

pQ  =  0.794  gms/cc. 


0.0315  x  1.27  cms . 
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30.73  dynes/cm 


o 

wo 


.  .  cos  6 

wo 


0.0315  x  1.27  x  980.7  x  7.5  x  0.202 


2  x  30.73 


=  0.97 
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APPENDIX  VI 


Calculation  of  Critical  Rate  of  Injection 

According  to  Rappoport,  Carpenter  and  Leas  [39] , 
the  critical  value  for  dimensionless  scaling  coefficient, 
C2,  for  a  viscodity  ratio  of  1,  is  3.5  x  10”3.  C2  is  given 
by. 


c2  = 

q  y 
^  w 

acos  e/kT 

where 


q  = 

rate  of  injection  per  unit  sand  thickness, 
bbl/day/f t . 

viscosity  of  water,  cp. 

a  = 

water-oil  interfacial  tension,  dyne/cm. 

k  = 

absolute  permeability,  md. 

ll  li 

-©-  CD 

porosity,  fraction 
contact  angle 

In  the  present  case, 


^w 

0.927  cp. 

o  = 

30.73  dyne/cm 

cos  0  = 

cos  14°  =  0.97 

k  = 

1542  md . 

<P  = 

0.329 

0.329 
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3.5  x  icr3  X  30.73  x  0.97  x  (1542  x  0.329)1/2 

0.927 

3.5  x  10“3  x  30.73  x  0.97  x  22.52 

0.927 


=  2.53  bbl/day/f t . 

=  644  cc/hr  for  the  average  thickness  of 
1.17  cm.  of  the  network. 


This  means  that  if  the  injection  rate  was  kept  above 
644  cc/hr.,  the  floods  will  be  stabilized  and  will  not  be  rate 
sensitive.  In  other  words,  the  effect  of  capillary  forces  will 
be  negligible.  All  the  injection  rates  used  were  considerably 
higher  than  this  value. 
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APPENDIX  VII (a) 


Calculation  of  Displacement  Efficiency  for  Isolated  Normal 

Five-Spot 

Displacement  efficiency,  E^ 

Oil  recovered  at  any  stage 

Area  contacted  by  flooding  water  at  this  stage 
x  average  thickness  x  porosity  x  initial  oil 
saturation 

In  the  case  of  isolated  normal  five-spot. 

Porosity  =  0.329 

Initial  Oil  A  0 

0  .  .  •  =0.826* 

Saturation 

From  Figures  8  and  10,  it  is  observed  that  at  a  total 

injection  of  6.0  network  pore  volumes  of  water, 

Recovery  of  oil  =  2.75  HCPV  =  2.75  x  131.7**  =  362.0  cc 

Areal  sweep  efficiency,  E  =7.5 

a  s 

Area  contacted  by  flooding  water  -  7.5  x  64  =  480  sq.in 

From  Figure  26,  average  thickness  for  480  sq.  inch  in 
the  center  of  the  model  (equivalent  to  about  24.7  inch  diameter) 

=  0.39  inch. 

*  Initial  oil  saturation  for  Run  Nos.  1  and  3. 


**  Network  HCPV  for  Run  Nos.  1  and  3. 
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Displacement  efficiency 


362.0 


*  *  * 


480  x  0.39  x  0.826  x  0.329  x  16.387*** 

s  43% 


cu.  inch  =  16.387  cc. 
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APPENDIX  VII (b) 


Calculation  of  Displacement  Efficiency  for  Four  Inverted 

Five-Spot 

Displacement  efficiency,  E^ 

Oil  recovered  at  any  stage 

Area  contacted  by  flooding  water  at  this  stage 
x  average  thickness  x  porosity  x  initial  oil  sat. 


In  the  case  of  four  inverted  five-spot, 
Porosity  =  0.329 


Initial  Oil 
Saturation 


=  0.8475 


From  Figures  17  and  19,  at  a  total  injection  of  8.0 
network  pore  volumes  of  water, 

Recovery  of  oil  =  2.87  HCPV  =2.87  x  134.75*  =  386.7  cc. 
Areal  sweep  efficiency  =  5.61 

Area  contacted  by  flooding  water=5.61  x  64  =  359.04  sq.in 


From  Figure  26,  average  thickness  for  359.04  sq.  inch 
in  the  center  of  the  model  (equivalent  to  about  21.4  inch 
diameter)  =  0.407  inch. 


*  Network  HCPV 


134.75  cc. 
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Displacement  efficiency 


386.7 

359.04  x  0.407  x  0.8475  x  0.329  x  16.387  * 

*  58% 


**  1  cu.  inch  =  16.387  cc 
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APPENDIX 


VIII 


EXPERIMENTAL  DATA  AND  CALCULATIONS 


NOMENCLATURE  USED  IN  THE  TABLES 


N 

L 

d 


r 

w 


h 


av 


q 


O 

~P 

AW 

P 

W 

P 

an 

p 


F 


wo 

ONPV 

QHPV 


QDPV 


ONPV 

OHPV 


ODPV 


Initial  oil  in  place  in  the  model,  cc. 

Length  of  one  side  of  the  well-pattern,  cm. 

Distance  between  injection  and  production 
wells,  cm. 

Well-bore  radius,  cm. 

Volumetric  average  thickness  of  the  packing 
in  the  well-pattern. 

Injection  rate,  cc/hr. 

Total (oil  +  water)  production  during  an 
interval,  cc. 

Cumulative  total  production,  cc. 

Water  produced  during  an  interval,  cc. 

Cumulative  water  produced,  cc. 

Oil  produced  during  an  interval,  cc . 

Cumulative  oil  produced,  cc. 

Instantaneous  producing  water-oil  ratio. 

Cumulative  throughput  in  network  pore  volume. 

Cumulative  throughput  in  network  hydrocarbon 
pore  volume. 

Cumulative  throughput  in  network  displaceable 
pore  volume 

Cumulative  oil  produced  in  network  pore  volume 

Cumulative  oil  produced  in  network  hydrocarbon 
pore  volume. 

Cumulative  oil  produced  in  network  displaceabl 
pore  volume. 
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TABLE  1-A 


RUN  NO  .  1 

ISOLATED  NORMAL  FIVE-SPOT 


N  = 

1342  cc. 

S  .  = 

Ol 

0.8284 

L  = 

8  inch  =  20.32  cm. 

S 

wc 

0.1716 

d/r 

w 

=  181 

q  = 

400  cc/hr/well=  1600  cc/ hr 

h 

av 

=  1.17  cm 

Network 

Pore  Volume  =  159  cc . 

Porosity  =  32.9%  Network  HCPV=159  x  0.8284=  131.7  cc 


Back  Pressure  =  0 


AO 

P 

qp 

AW 

P 

W 

P 

AN 

P 

N 

P 

ONPV 

71.0 

71.0 

0.0 

0.0 

71.0 

71.0 

0.45 

24.0 

95.0 

0.0 

0.0 

24.0 

95.0 

0.60 

10.5 

105.5 

0.0 

0.0 

10.5 

105.5 

0.66 

24.4 

129.9 

4.0 

4.0 

20.4 

125.9 

0.82 

24.1 

154.0 

7.2 

11.2 

16.9 

142.8 

0.97 

25.1 

179.1 

9.5 

20.7 

15.6 

158.4 

1.13 

25.0 

204.1 

10.9 

31.6 

14.1 

172.5 

1.28 

25.0 

229.1 

12.5 

44.1 

12.5 

185.0 

1.44 

8.0 

237.1 

4.5 

48.6 

3.5 

188.5 

1.49 

24.5 

261.6 

13.5 

62.1 

11.0 

199.5 

1.65 

25.8 

287.4 

15.4 

77.5 

10.4 

209.9 

1.81 

23.5 

310.9 

14.6 

92.1 

8.9 

218.8 

1.96 

24.5 

335.4 

15.5 

107.6 

9.0 

227.8 

2.11 

25.7 

361.1 

16.8 

124.4 

8.9 

236.7 

2.27 

25.0 

386.1 

16.9 

141.3 

8.1 

244.8 

2.43 

24.0 

410.1 

16  o  9 

158.2 

7.1 

251.9 

2.58 

24.1 

434.2 

17.0 

175.2 

7.1 

259.0 

2.73 

9.3 

443.5 

6.6 

181.8 

2.7 

261.7 

2.79 

24 . 5 

468.0 

18.2 

200.0 

6.3 

268 . 0 

2.94 

26.2 

494.2 

20.8 

220.8 

5.4 

273.4 

3.11 

24.2 

518.4 

19.0 

239.8 

5.2 

278.6 

3.26 

24.3 

542.7 

19.5 

259.3 

4.8 

283.4 

3.41 

25.1 

567.8 

20.0 

279.3 

5.1 

288.5 

3.57 

24.5 

592.3 

19.5 

298.8 

5.0 

293.5 

3.73 

25.0 

617.3 

20.0 

318.8 

5.0 

298.5 

3.88 
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WA 
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rfOA 

O.IT 

O.IV 

0.0 

0.0 

O.IV 

o.iv 

Od .  0 

o.ee 

0.0 

0.0 

o.ee 

o.*s 

0  ,jQ  x 

2.01 
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e.esi 

{>.*£ 

re. 6 

8.^1 

£.11 

s.  v 

o.j^ei 

I.frS 

fr.8  21 

t.os 

2.e 

i.evi 

i.  as 

8S.I 

2.STI 

d.I£ 

e.oi 

I.fcOS 

0.2S, 

*ki 

0.281 

2. SI 

x.ess 

o.es 

e&.i 

2.881 

e.e 

a. 8* 

2 .  fc 

0.8 

O.II 

I.Sd 
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a.ias 

e**s 

e.eos 

K2I 

£ .  V8£ 

8.2S 

e.8 

i.se 

d.M 

e.o  if 
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e.*s 

K*£I 

£&.s 

e.ai 

0.2S 

o.*s 

I.V 

o.  vi 

I.frS 

8.I8I 
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*e.s 

e.a 

£.81 
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8. OSS 

8. OS 

8.e£S 

£.812 

£.*£ 

'2.ei 

£.evs 

O.OS 

i.es 

2.ei 

£.see 
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8 . 8 1  £ 

O.OS 

o.es 

TABLE  1-A 


(cont ' d) 


AO 

~P 

°P 

AW 

P 

W 

P 

AN 

P 

N 

P 

QNPV 

24.9 

642.2 

20.5 

339.3 

4.4 

302.9 

4.04 

24.9 

667.1 

20.5 

359.8 

4.4 

307.3 

4.20 

25.0 

692.1 

20.7 

380.5 

4.3 

311.6 

4.35 

25.5 

717.6 

21.0 

401.5 

4.5 

316.1 

4.51 

24.7 

742.3 

20.5 

422.0 

4.2 

320.3 

4.67 

25.2 

767.5 

20.8 

442.8 

4.4 

324.7 

4.83 

24.4 

791.9 

20.0 

462.8 

4.4 

329.1 

4.98 

24.7 

816.6 

20.5 

483.3 

4.2 

333.3 

5.14 

23.5 

840.1 

19.5 

502.8 

4.0 

337.3 

5.28 

25.5 

865.6 

21.1 

523.9 

4.4 

341.7 

5.44 

24.4 

890.0 

20.2 

544.1 

4.2 

345.9 

5.60 

24.9 

914.9 

20.6 

564.7 

4.3 

350.2 

5.75 

23.6 

938.5 

19.5 

584.2 

4.1 

354.3 

5.90 

24.9 

963.4 

20.7 

604.9 

4.2 

358.5 

6.06 

26.5 

989.9 

22.1 

627.0 

4.4 

362.9 

6.23 

11.5 

1001.4 

9.5 

636.5 

2.0 

364.9 

6.30 

24.0 

1025.4 

20.0 

656.5 

4.0 

368.9 

6.45 

97.8 

1123.2 

81.5 

738.0 

16.3 

385.2 

7.06 

85.0 

1208.2 

73.0 

811.0 

12.0 

397.2 

7.60 

168.0 

1376.2 

140.0 

951.0 

28.0 

425.2 

8.66 
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Production  after  injection  ceased 
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TABLE  1-B 


RUN  NO .  1 


QNPV 

QHPV 

QDPV 

F 

wo 

ONPV 

OHPV 

ODPV 

0.45 

0.54 

1.28 

0.0 

0.45 

0.54 

1.28 

0.60 

0.72 

1.72 

0.0 

0.60 

0.72 

1.72 

0.66 

0.80 

1.91 

0.0 

0.66 

0.80 

1.91 

0.82 

0.99 

2.35 

0.20 

0.79 

0.96 

2.28 

0.97 

1.17 

2.78 

0.43 

0.90 

1.08 

2.58 

1.13 

1.36 

3.24 

0.61 

1.0 

1.20 

2.86 

1.28 

1.55 

3.69 

0.77 

1.09 

1.31 

3.12 

1.44 

1.74 

4.14 

1.00 

1.16 

1.41 

3.35 

1.49 

1.80 

4.29 

1.29 

1.19 

1.43 

3.41 

1.65 

1.99 

4.73 

1.23 

1.26 

1.52 

3.61 

1.81 

2.18 

5.20 

1.48 

1.32 

1.59 

3.80 

1.96 

2.36 

5.62 

1.64 

1.38 

1.66 

3.96 

2.11 

2.55 

6.06 

1.72 

1.43 

1.73 

4.12 

2.27 

2.74 

6.53 

1.89 

1.49 

1.80 

4.28 

2.43 

2.93 

6.98 

2.09 

1.54 

1.86 

4.43 

2.58 

3.11 

7.41 

2.38 

1.58 

1.91 

4.55 

2.73 

3.30 

7.85 

2.39 

1  c  63 

1.97 

4.68 

2.79 

3.37 

8.02 

2.44 

1.65 

1.99 

4.73 

2.94 

3.55 

8.46 

2.89 

1.69 

2.04 

4.85 

3.11 

3.75 

8.93 

3.85 

1.72 

2.08 

4.94 

3.26 

3.94 

9.37 

3.65 

1.75 

2.12 

5.04 

3.41 

4.12 

9.81 

4.06 

1.78 

2.15 

5.12 

3.57 

4.31 

10.27 

3.92 

1.81 

2.19 

5.22 

3.73 

4.50 

10.71 

3.90 

1.85 

2.23 

5.31 

3.88 

4.69 

11.16 

4.00 

1.88 

2.27 

5.40 

4.04 

4.88 

11.61 

4.66 

1.91 

2.30 

5.48 

4.20 

5.07 

12.06 

4.66 

1.93 

2.33 

5.56 

4.35 

5.26 

12.51 

4.81 

1.96 

2.37 

5.63 

4.51 

5.45 

12.97 

4.67 

1.99 

2.40 

5.72 

4.67 

5.64 

13.42 

4.88 

2.01 

2.43 

5.79 

4.83 

5.83 

13.88 

4.73 

2.04 

2.47 

5.87 

4.98 

6.01 

14.32 

4.55 

2.07 

2.50 

5.95 

5.14 

6.20 

14.76 

4.88 

2.10 

2.53 

6.03 

5.28 

6.38 

15.19 

4.88 

2.12 

2.56 

6.10 

5.44 

6.57 

15.65 

4.80 

2.15 

2.60 

6.18 

5.60 

6.76 

16.09 

4.81 

2.18 

2.63 

6.25 

5.75 

6.95 

16.54 

4.79 

2.20 

2.66 

6.33 
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TABLE  1-B 


(cont ' d) 


QNPV 

QHPV 

QDPV 

F 

wo 

ONPV 

OHPV 

ODPV 

5  o  90 

7.13 

16.97 

4.76 

2.23 

2.69 

6.41 

6.06 

7  0  32 

17.42 

4.93 

2.26 

2.72 

6.48 

6.23 

7.52 

17.90 

5.02 

2.28 

2.76 

6.56 

6.30 

7.60 

18.10 

4.75 

2.30 

2.77 

6.60 

6.45 

7.79 

18.54 

5.00 

2.32 

2.80 

6.67 

7.06 

8.53 

20.31 

5.00 

2.42 

2.93 

6.96 

7.60 

9.17 

21.84 

6.08 

2.50 

3.02 

7.18 

8.66 

10.45 

24.88 

5.00 

2.67 

3.23 

7.69 

*  Production  after  injection  ceased 
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TABLE  2-A 


RUN  NO .  2 


ISOLATED  NORMAL 

FIVE-SPOT 

N  = 

1278.0  cc 

S  .  =  0.7889 

Ol 

L  = 

8  inch  =  20.32  cm 

S  =  0.2111 

wc 

d/r 
'  w 

=  181 

q  =  400  cc/hr/well=  1600  cc/hr 

h 

av 

=  1.17  cm 

Network  Pore  Volume  =  159  cc 

Porosity  =  32.9%  Network  HCPV  =  159  x  0.7880  =  125. 4cc 

Back  Pressure  =  15.6  cm  of  water 


AO 

~P 

0 

~P 

AW 

P 

W 

P 

AN 

P 

N 

P 

QNPV 

24.0 

24.0 

0.0 

0.0 

24.0 

24.0 

0.15 

24.0 

48.0 

0.0 

0.0 

24.0 

48.0 

0.30 

23.5 

71 0  5 

0.0 

0.0 

23.5 

71.5 

0.45 

22.0 

93.5 

0.0 

0.0 

22.0 

93.5 

0.59 

12.0 

105.5 

0.0 

0.0 

12.0 

105.5 

0.66 

4.7 

110.2 

0.0 

0.0 

4.7 

110.2 

0.69 

23.3 

133.5 

5.9 

5.9 

17.4 

127.6 

0.84 

24.8 

158.3 

9.1 

15.0 

15.7 

143.3 

1.00 

5.5 

163.8 

2.4 

17.4 

3.1 

146.4 

1.03 

24.0 

187.8 

10.1 

27.5 

13.9 

160.3 

1.18 

25.1 

212.9 

11.5 

39.0 

13.6 

173.9 

1.34 

25.0 

237.9 

12.0 

51.0 

13.0 

186.9 

1.50 

5.0 

242.9 

2.5 

53.5 

2.5 

189.4 

1.53 

24.0 

266.9 

13.0 

6  6.5 

11.0 

200.4 

1.68 

24.6 

291.5 

14.3 

80.8 

10.3 

210.7 

1.83 

24.1 

315.6 

14.7 

95.5 

9.4 

220.1 

1.99 

25.5 

341.1 

16.0 

111.5 

9.5 

229.6 

2.15 

24.5 

365.6 

16.9 

128.4 

7.6 

237.2 

2.30 

25.0 

390.6 

17.9 

146.3 

7.1 

244.3 

2.46 

24.9 

415.5 

18.0 

164.3 

6.9 

251.2 

2.61 

6.0 

421.5 

4.6 

168.9 

1.4 

252.6 

2.65 

25.0 

446.5 

19.0 

187.9 

6.0 

258.6 

2.81 

26.0 

472.5 

19.7 

207.6 

6.3 

264.9 

2.97 

25.5 

498.0 

19.5 

227.1 

6.0 

270.9 

3.13 

24.5 

522.5 

19.0 

246.1 

5.5 

276.4 

3.29 

27.4 

549.9 

21.2 

267.3 

6.2 

282.6 

3.46 

26.9 

576.8 

21.4 

288.7 

5.5 

288.1 

3.63 
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TABLE  2-A 


(cont ' d) 


AQP 

0 

~P 

AW 

P 

W 

P 

AN 

P 

N 

P 

QNPV 

23.5 

600.3 

18.9 

307.6 

4.6 

292.7 

3.78 

24.5 

624.8 

19.7 

327.3 

4.8 

297.5 

3.93 

26.0 

650.8 

21.0 

348.3 

5.0 

302.5 

4.09 

24.9 

675.7 

20.0 

368.3 

4.9 

307.4 

4.25 

24.5 

700.2 

19.9 

388.2 

4.6 

312.0 

4.40 

25.0 

725.2 

20.4 

408.6 

4.6 

316.6 

4.56 

24.3 

749.5 

21.3 

429.9 

3.0 

319.6 

4.71 

102.7 

852.2 

90.2 

520.1 

12.5 

332.1 

5.36 

102.8 

955.0 

90.0 

610.1 

12.8 

344.9 

6.01 

25.6 

980.6 

22.5 

632.6 

3.1 

348.0 

6.17 

25.0 

1005  c  6 

22.0 

654.6 

3.0 

351.0 

6.33 

10.5 

1016.1 

9.2 

663.8 

1.3 

352.3 

6.39 

28.9 

1045.0 

25.6 

689.4 

3.3 

355.6 

6.57 

26.0 

1071.0 

23.2 

712.6 

2.8 

358.4 

6.74 

*269.2 

1340.2 

222.0 

934.6 

47.2 

405.6 

8.43 
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Production  after  injection  ceased 
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TABLE  2-B 


RUN  NO .  2 


QNPV 

QHPV 

QDPV 

F 

wo 

ONPV 

OHPV 

ODPV 

0.15 

0.19 

0.46 

0.0 

0.15 

0.19 

0.46 

0.30 

0.38 

0.91 

0.0 

0.30 

0.38 

0.91 

0.45 

0.57 

1.36 

0.0 

0.45 

0.57 

1.36 

0.59 

0.75 

1.78 

0.0 

0.59 

0.75 

1.78 

0.66 

0.84 

2.00 

0.0 

0.66 

0.84 

2.00 

0.69 

0.88 

2.09 

0.0 

0.69 

0.88 

2.09 

0.84 

1.07 

2.54 

0.34 

0.80 

1.02 

2.42 

1.00 

1.26 

3.01 

0.58 

0.90 

1.14 

2.72 

1.03 

1.31 

3.11 

0.77 

0.92 

1.17 

2.78 

1.18 

1.50 

3.57 

0.73 

1.01 

1.28 

3.04 

1.34 

1.70 

4.04 

0.85 

1.09 

1.39 

3.30 

1.50 

1.90 

4.52 

0.92 

1.18 

1.49 

3.55 

1.53 

1.94 

4.61 

1.00 

1.19 

1.51 

3.60 

1.68 

2.13 

5.07 

1.18 

1.26 

1.60 

3.81 

1.83 

2.33 

5.54 

1.39 

1.33 

1.68 

4.00 

1.99 

2.52 

5.99 

1.56 

1.38 

1.76 

4.18 

2.15 

2.72 

6.48 

1.68 

1.44 

1.83 

4.36 

2.30 

2.92 

6.94 

2.22 

1.49 

1.89 

4.50 

2.46 

3.12 

7.42 

2.52 

1.54 

1.95 

4.64 

2.61 

3.31 

7.89 

2.61 

1.58 

2.00 

4.77 

2.65 

3.36 

8.00 

3.29 

1.59 

2.01 

4.80 

2.81 

3.56 

8.48 

3.17 

1.63 

2.06 

4.91 

2.97 

3.77 

8.97 

3.13 

1.67 

2.11 

5.03 

3.13 

3.97 

9.46 

3.25 

1.70 

2.16 

5.14 

3.29 

4.17 

9.92 

3.46 

1.74 

2.20 

5.25 

3.46 

4.39 

10.44 

3.42 

1.78 

2.25 

5.37 

3.63 

4.60 

10.95 

3.89 

1.81 

2.30 

5.47 

3.78 

4.79 

11.40 

4.11 

1.84 

2.33 

5.56 

3.93 

4.98 

11.86 

4.10 

1.87 

2.37 

5.65 

4.09 

5.19 

12.36 

4.20 

1.90 

2.41 

5.74 

4.25 

5.39 

12.83 

4.08 

1.93 

2.45 

5.84 

4.40 

5.58 

13.30 

4.33 

1.96 

2.49 

5.92 

4.56 

5.78 

13.77 

4.44 

1.99 

2.53 

6.01 

4.71 

5.98 

14.23 

7.10 

2.01 

2.55 

6.07 

5.36 

6.80 

16.18 

7.22 

2.09 

2.65 

6.31 

6.01 

7.62 

18.13 

7.03 

2.17 

2.75 

6.55 

6.17 

7.82 

18.62 

7.26 

2.19 

2.78 

6.61 

6.33 

8.02 

19.09 

7.33 

2.21 

2.80 

6.66 

6.39 

8.10 

19.29 

7.08 

2.22 

2.81 

6.69 

6.57 

8.33 

19.84 

7.76 

2.24 

2.84 

6.75 

6.74 

8.54 

20.34 

8.29 

2.25 

2.86 

6.81 

8.43 

10.69 

25.45 

4.70 

2.55 

3.23 

7.70 

V<3H0 
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TABLE  3-A 


RUN  NO .  3 


ISOLATED  NORMAL  FIVE-SPOT 


N  =  1342  cc.  S  .  =  0.8284 

oi 

L  =  8  inch  =  20.32  cm  S  =  0.1716 

wc 

d/r^  =  181  q  =  400  cc/hr/well=16 00  cc/hr 

h  =  1.17  cm  Network  Pore  Volume  =  159  cc 

av 

Porosity  =  32.9%  Network  HCPV=159  x  0.8284=131.7  cc 

Back  Pressure  =67.7  cm  of  water 


AO 

P 

O 

~P 

AW 

P 

W 

P 

AN 

P 

N 

P 

QNPV 

70.0 

70.0 

0.0 

0.0 

70.0 

70.0 

0.44 

25.0 

95.0 

0.0 

0.0 

25.0 

95.0 

0.60 

9.0 

104.0 

0.5 

0.5 

8.5 

103.5 

0.65 

23.6 

127.6 

5.7 

6.2 

17.9 

121.4 

0.80 

24.5 

152.1 

9.5 

15.7 

15.0 

136.4 

0.96 

24.0 

176.1 

10.4 

26.1 

13.6 

150.0 

1.11 

24.5 

200.6 

12.0 

38.1 

12.5 

162.5 

1.26 

24.1 

224.7 

12.7 

50.8 

11.4 

173.9 

1.41 

24.5 

249.2 

13.8 

64.6 

10.7 

184.6 

1.57 

24.5 

273.7 

14.9 

79.5 

9.6 

194.2 

1.72 

23.5 

297.2 

15.0 

94.5 

8.5 

202.7 

1.87 

8.0 

305.2 

5.4 

99.9 

2.6 

205.3 

1.92 

24.5 

329.7 

16.0 

115.9 

8.5 

213.8 

2.07 

25.0 

354.7 

16.7 

132.6 

8.3 

222.1 

2.23 

24.4 

379.1 

16.4 

149.0 

8.0 

230.1 

2.38 

24.1 

403.2 

16.5 

165.5 

7.6 

237.7 

2.54 

24.5 

427.7 

16.9 

182.4 

7.6 

245.3 

2.69 

24.6 

452.3 

17.3 

199.7 

7.3 

252.6 

2.85 

24.4 

476.7 

17.1 

216.8 

7.3 

259.9 

3.00 

24.2 

500.9 

17.0 

233.8 

7.2 

267.1 

3.15 

26.4 

527.3 

18.5 

252.3 

7.9 

275.0 

3.32 

10.2 

537.5 

7.5 

259.8 

2.7 

277.7 

3.38 

24.5 

562.0 

18.5 

278.3 

6.0 

283.7 

3.54 

24.0 

586.0 

18.1 

296.4 

5.9 

289.6 

3.69 

24.3 

610.3 

18.5 

314.9 

5.8 

295.4 

3.84 

24.5 

634.8 

18.5 

333.4 

6.0 

301.4 

3.99 

24.5 

659.3 

18.9 

352.3 

5.6 

307.0 

4.15 

24.1 

683.4 

18.7 

371.0 

5.4 

312.4 

4.30 

o  v.ici*m8.o  x  eex=vqDH  xiowisn 


G,T1 

S.O  .  ■ 

e.o 

O.M)I 

Y.S 

d.£:  I 

d  .  0  0  £ 

e.ui 

8.0? 

V.l 

V.^££ 

8  -  £  I 

£.G&£ 

d.e 

£.8 

o.m 

I .  e  l*  £ 

V.T£* 

\£ .  v 

<• .  t 

t.  :<-i 

r1  -  81 

TABLE  3-A 


(cont ' d) 


AQ 

P 

0 

~P 

AW 

P 

W 

P 

AN 

P 

N 

P 

QNPV 

24.1 

707.5 

19.0 

390.0 

5.1 

317.5 

4.45 

24.5 

732.0 

19.5 

409.5 

5.0 

322.5 

4.60 

24.5 

756.5 

19.5 

429.0 

5.0 

327.5 

4.76 

24.5 

781.0 

19.5 

448.5 

5.0 

332.5 

4.91 

24.5 

805.5 

19.5 

468.0 

5.0 

337.5 

5.07 

24.5 

830.0 

19.5 

487.5 

5.0 

342.5 

5.22 

25.0 

855.0 

20.0 

507.5 

5.0 

347.5 

5.38 

25.3 

880.3 

20.4 

527.9 

4.9 

352.4 

5.54 

23.8 

904.1 

19.1 

547.0 

4.7 

357.1 

5.69 

24.4 

928.5 

19.8 

566.8 

4.6 

361.7 

5.84 

24.4 

952.9 

19.9 

586.7 

4.5 

366.2 

5.99 

22.8 

975.7 

18.5 

605.2 

4.3 

370.5 

6.14 

10.8 

986.5 

8.9 

614.1 

1.9 

372.4 

6.20 

24.0 

1010.5 

19.5 

633.6 

4.5 

376.9 

6.36 

25.0 

1035.5 

20.4 

654.0 

4.6 

381.5 

6.51 

25.7 

1061.2 

21.0 

675.0 

4.7 

386.2 

6.67 

24.9 

1086.1 

19.5 

694.5 

5.4 

391.6 

6.83 

24.5 

1110.6 

20.0 

714.5 

4.5 

396.1 

6.99 

*272.6 

1383.2 

219.0 

933.5 

53.6 

449.7 

8.70 

* 


Production  after  injection  ceased 


a.m 

0.88* 


5.70V  I.*£ 

e.aev 

0.187  a.** 


e.vse 


1. 61 
8.ei 


7.576 

5.986 


5. 0101 


e.&s 
o.as 


e.^s 


.  b©;  -  s  )  noi^oerni  nox^oubo'i^  * 
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TABLE  3-B 


RUN  NO .  3 


QNPV 

QHPV 

QDPV 

F 

wo 

ONPV 

OHPV 

ODPV 

0.44 

0.53 

1.27 

0.0 

0.44 

0.53 

1.27 

0.60 

0.72 

1.72 

0.0 

0.60 

0.72 

1.72 

0,65 

0.79 

1.88 

0.06 

0.65 

0.79 

1.87 

0.80 

0.97 

2.31 

0.32 

0.76 

0.92 

2.20 

0.96 

1.16 

2.75 

0.63 

0.86 

1.04 

2.47 

1.11 

1.34 

3.18 

0.77 

0.94 

1.14 

2.71 

1.26 

1.52 

3.63 

0.96 

1.02 

1.23 

2.94 

1.41 

1.71 

4.06 

1.11 

1.09 

1.32 

3.14 

1.57 

1.89 

4.51 

1.29 

1.16 

1.40 

3.34 

1.72 

2.08 

4.95 

1.55 

1.22 

1.48 

3.51 

1.87 

2.26 

5.37 

1.77 

1.28 

1.54 

3.67 

1.92 

2.32 

5.52 

2.08 

1.29 

1.56 

3.71 

2.07 

2.50 

5.96 

1.88 

1.35 

1.62 

3.87 

2.23 

2.69 

6.41 

2.01 

1.40 

1.69 

4 . 02 

2.38 

2.88 

6.85 

2.05 

1.45 

1.75 

4.16 

2.54 

3.06 

7.29 

2.17 

1.50 

1.81 

4.30 

2.69 

3.25 

7.73 

2.22 

1.54 

1.86 

4.44 

2.85 

3.43 

8.18 

2.37 

1.59 

1.92 

4.57 

3.00 

3.62 

8.62 

2.34 

1,64 

1.97 

4.70 

3.15 

3.80 

9.06 

2.36 

1.68 

2.03 

4.83 

3.32 

4.00 

9.53 

2.34 

1.73 

2.09 

4.97 

3.38 

4.08 

9.72 

2.78 

1.75 

2.11 

5.02 

3.54 

4.27 

10.16 

3.08 

1.78 

2.15 

5.13 

3.69 

4.45 

10.59 

3.07 

1.82 

2.20 

5.24 

3.84 

4.63 

11.03 

3,19 

1.86 

2.24 

5.34 

3.99 

4.82 

11.48 

3.08 

1.90 

2.29 

5.45 

4.15 

5.01 

11.92 

3.38 

1.93 

2.33 

5.55 

4.30 

5.19 

12.36 

3.46 

1.97 

2.37 

5.65 

4.45 

5.37 

12.79 

3.73 

2.00 

2.41 

5.74 

4.60 

5.56 

13.23 

3.90 

2.03 

2.45 

5.83 

4.76 

5.74 

13.68 

3.90 

2.06 

2.49 

5.92 

4.91 

5.93 

14.12 

3.90 

2.09 

2.53 

6.01 

5.07 

6.12 

14.56 

3.90 

2.12 

2.56 

6.10 

5.22 

6.30 

15.01 

3.90 

2.15 

2.60 

6.19 

5.38 

6.49 

15.46 

4.00 

2.19 

2.64 

6.28 

5.54 

6.68 

15.92 

4.16 

2.22 

2.68 

6.37 

5.69 

6.87 

16.35 

4.06 

2.25 

2.71 

6.46 

5.84 

7.05 

16.79 

4.30 

2.28 

2.75 

6.54 

5.99 

7.24 

17.23 

4.42 

2.30 

2.78 

6.62 

ed,o 

I2.fr 

10.2 

TABLE  3-B 


(cont ' d) 


QNPV 

QHPV 

QDPV 

F 

wo 

ONPV 

OHPV 

ODPV 

6.14 

7.41 

17.64 

4.30 

2.33 

2.81 

6.70 

6,20 

7.49 

17.84 

4.68 

2.34 

2.83 

6.73 

6.36 

7.67 

18.27 

4.33 

2.37 

2.86 

6.81 

6.51 

7.86 

18.72 

4.44 

2.40 

2.90 

6.90 

6,67 

8.06 

19.19 

4.47 

2.43 

2.93 

6.98 

6.83 

8.25 

19.64 

3.61 

2.46 

2.97 

7.08 

6.99 

8.43 

20.08 

4.44 

2.49 

3.01 

7.16 

8,70 

10.50 

25.01 

4.09 

2.83 

3.42 

8.13 

*  Production  after  injection  ceased 


ST.  81 

*d.ei 

TABLE  4 -A 


RUN  NO .  4 

ISOLATED  NORMAL  FIVE-SPOT 


N  = 

1278  cc 

S  . 

Ol 

=  0.7889 

L  = 

8  inch  =  20.32  cm 

S 

wc 

=  0.2111 

d/r 
'  w 

=  181 

q  = 

400  cc/hr/well=1600  cc/hr 

h  = 

av 

1.17  cm 

Network  Pore  Volume  =  159  cc. 

Porosity  =  32.9%  Network  HCPV=159  x  0.7889=125.4  cc 

Back  Pressure  =  104.4  cm  of  water 


AO 

~P 

0 

~P 

AW 

P 

W 

P 

AN 

P 

N 

P 

QNPV 

74.0 

74.0 

0.0 

0.0 

74.0 

74.0 

0.47 

21.0 

95.0 

0.0 

0.0 

21.0 

95.0 

0.60 

15.4 

110.4 

2.2 

2.2 

13.2 

108.2 

0.69 

6.5 

116.9 

2.0 

4.2 

4.5 

112.7 

0.74 

23.4 

140.3 

8.5 

12.7 

14.9 

127.6 

0.88 

24.0 

164.3 

11.1 

23.8 

12.9 

140,5 

1.03 

24 . 5 

188.8 

12.7 

36.5 

11.8 

152.3 

1.19 

27.0 

215.8 

15.5 

52  .0 

11.5 

163.8 

1.36 

5.6 

221.4 

3.5 

55.5 

2.1 

165.9 

1.39 

24.0 

245.4 

15.3 

70.8 

8.7 

174.6 

1.54 

24.6 

270.0 

16.0 

86.8 

8.6 

183.2 

1.70 

24.4 

294.4 

16 . 5 

103.3 

7.9 

191.1 

1.85 

24.3 

318.7 

16.7 

120.0 

7.6 

198.7 

2.00 

24.2 

342.9 

16.9 

136.9 

7.3 

206.0 

2.16 

24.3 

367.2 

17.5 

154.4 

6.8 

212.8 

2.31 

25.1 

392.3 

19.0 

173.4 

6.1 

218.9 

2.47 

24.5 

416.8 

18.8 

192.2 

5.7 

224 . 6 

2.62 

8.5 

425.3 

6.8 

199.0 

1.7 

226.3 

2.68 

24.1 

449.4 

18.9 

217.9 

5.2 

231.5 

2.83 

24.4 

473.8 

19.6 

237,5 

4.8 

236.3 

2.98 

24.5 

498.3 

19.8 

257.3 

4.7 

241.0 

3.13 

24.0 

522.3 

19.5 

276.8 

4.5 

245.5 

3.29 

24.3 

546.6 

19.8 

296.6 

4.5 

250.0 

3.44 

2  6.6 

573.2 

21.8 

318.4 

4.8 

254.8 

3.61 

24.0 

597.2 

19,7 

338.1 

4,3 

259.1 

3.76 

24.9 

622.1 

20.5 

358 . 6 

4.4 

263.5 

3.91 

25.4 

647.5 

21.0 

379.6 

4.4 

267.9 

4.07 

24.7 

672.2 

20.3 

399.9 

4.4 

272.3 

4.23 

.CM  HUH 


O.M. 

' 

5.8 

TABLE  4 -A 


(cont ' d) 


AQ 

p 

Q 

P 

AW 

P 

W 

P 

AN 

P 

N 

P 

QNPV 

26.6 

6 98  o  8 

22.5 

422.4 

4.1 

276.4 

4.40 

24.9 

72  3  o  7 

20.7 

443.1 

4.2 

280.6 

4.55 

12.0 

735  o  7 

10.0 

453,1 

2.0 

282.6 

4.63 

24  o  0 

759  o  7 

20.0 

473,1 

4.0 

286.6 

4.78 

24  o  5 

7  84  o  2 

20.7 

493,8 

3.8 

290.4 

4.93 

24  o  5 

808  o  7 

20.7 

514.5 

3.8 

294.2 

5.09 

24,5 

833,2 

21.0 

535.5 

3 , 5 

297.7 

5.24 

24.0 

857,2 

20.5 

556.0 

3.5 

301.2 

5.39 

24  c  0 

881,2 

20.5 

576.5 

3.5 

304.7 

5.54 

24  o  0 

905,2 

20,3 

596.8 

3.7 

308.4 

5.69 

24.3 

929,5 

20,5 

617.3 

3.8 

312.2 

5.85 

24.5 

954.0 

21.0 

638 . 3 

3.5 

315.7 

6.00 

25.8 

979,8 

22.0 

660.3 

3.8 

319.5 

6.16 

*363,6 

1343,4 

309,2 

969.5 

54.4 

373.9 

8.45 

*  Production  after  injection  ceased 


> 

0.  * 

5.?ee 

- 

TABLE  4-B 


RUN  NO .  4 


QNPV 

QHPV 

QDPV 

F 

wo 

ONPV 

OHPV 

ODPV 

0.47 

0.59 

1.41 

0.0 

0.47 

0.59 

1.41 

0,60 

0.76 

1.80 

0.0 

0.60 

0.76 

1.80 

0.69 

0.88 

2.10 

0.17 

0.68 

0.86 

2.05 

0.74 

0.93 

2.22 

0.44 

0.71 

0.90 

2.14 

0.88 

1.12 

2.66 

0.57 

0.80 

1.02 

2.42 

1,03 

1.31 

3.12 

0.86 

0.88 

1.12 

2.67 

1.19 

1.51 

3.59 

1.08 

0.96 

1.22 

2.89 

1.36 

1.72 

4.10 

1.35 

1.03 

1.31 

3.11 

1.39 

1.77 

4.20 

1.67 

1.04 

1.32 

3.15 

1.54 

1.96 

4.66 

1.76 

1.10 

1.39 

3.32 

1.70 

2.15 

5.13 

1.86 

1.15 

1.46 

3.48 

1.85 

2 . 35 

5.59 

2.09 

1.20 

1.52 

3.63 

2.00 

2.54 

6.05 

2.20 

1.25 

1.59 

3.77 

2.16 

2.73 

6.51 

2.32 

1.30 

1.64 

3.91 

2.31 

2.93 

6.97 

2.57 

1.34 

1  o  7  0 

4.04 

2.47 

3.13 

7.45 

3.12 

1.38 

1.75 

4.16 

2.62 

3.32 

7.91 

3,30 

1.41 

1.79 

4.26 

2.68 

3.39 

8.08 

4.00 

1.42 

1.81 

4.30 

2.83 

3.58 

8.53 

3.64 

1.46 

1.85 

4.40 

2.98 

3.78 

9.00 

4.08 

1.49 

1.88 

4.49 

3.13 

3.97 

9.46 

4.21 

1.52 

1.92 

4 . 58 

3.29 

4.17 

9.92 

4.33 

1.54 

1.96 

4.66 

3.44 

4.36 

10.38 

4.40 

1.57 

1.99 

4.75 

3.61 

4.57 

10.88 

4.54 

1.60 

2.03 

4.84 

3.76 

4.76 

11.34 

4.58 

1.63 

2.07 

4 .92 

3.91 

4.96 

11.81 

4.66 

1.66 

2.10 

5.00 

4.07 

5.16 

12.29 

4.77 

1.69 

2.14 

5.09 

4.23 

5.36 

12.76 

4.61 

1.71 

2.17 

5.17 

4.40 

5.57 

13.27 

5.49 

1.74 

2.20 

5.25 

4.55 

5.77 

13.74 

4.93 

1.77 

2.24 

5.33 

4,63 

5.87 

13.97 

5.00 

1.78 

2.25 

5.37 

4.78 

6.06 

14.42 

5.00 

1.80 

2.29 

5.44 

4.93 

6.25 

14.89 

5.45 

1.83 

2.32 

5.51 

5.09 

6.45 

15.36 

5.45 

1.85 

2.35 

5.59 

5.24 

6.64 

15.82 

6.00 

1.87 

2.37 

5.65 

5.39 

6.84 

16.28 

5.86 

1.89 

2.40 

5.72 

5.54 

7.03 

16.73 

5.86 

1.92 

2.43 

5.79 

5.69 

7.22 

17.19 

5.49 

1.94 

2.46 

5.86 

5.85 

7.41 

17.65 

5.40 

1.96 

2.49 

5.93 

6 . 00 

7.61 

18.11 

6.00 

1.99 

2.52 

5.99 

6.16 

7.81 

18.60 

5.79 

2.01 

2.55 

6.07 

*8.45 

10.71 

25.51 

5.68 

2.35 

2.98 

7.10 

ei*a 
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r 


. 

SI 

TABLE  5- A 


RUN  NO .  5 


ISOLATED  NORMAL  FIVE-SPOT 


N  =  1342  cc 

L  =  8  inch  =  20.32  cm 

d/r  =  181 
w 

h  =  1,17  cm 
av 

Porosity  =  32.9% 


S  .  =  0.8284 
oi 

S  =  0.1716 
wc 

q  =  400  cc/hr/well=1600  cc/hr 
Network  Pore  Volume  =  159  cc 
Network  HCPV=159  x  0.8284=131.7  cc 
Back  Pressure  =  104.4  cm  of  water 


AO 

~P 

O 

~P 

AW 

P 

W 

P 

AN 

P 

N 

P 

QNPV 

78.0 

78.0 

0.0 

0.0 

78,0 

78.0 

0.49 

24.5 

102.5 

1.4 

1.4 

23.1 

101.1 

0.65 

18.6 

121.1 

3.6 

5.0 

15.0 

116.1 

0.76 

24.1 

145.2 

7.7 

12.7 

16.4 

132.5 

0.91 

24.3 

169.5 

9.8 

22.5 

14.5 

147.0 

1.07 

24.0 

193.5 

11.5 

34.0 

12.5 

159 . 5 

1.22 

29.0 

222.5 

16.4 

50.4 

12 . 6 

172.1 

1.40 

24.5 

247.0 

14.8 

65.2 

9.7 

181.8 

1.55 

27.9 

274.9 

17.5 

82.7 

10.4 

192.2 

1.73 

23.5 

298.4 

16.1 

98.8 

7.4 

199.6 

1.88 

24.0 

322.4 

16.9 

115.7 

7.1 

206.7 

2.03 

26.9 

349.3 

19.3 

135.0 

7.6 

214 . 3 

2.20 

24.3 

373 . 6 

17.9 

152.9 

6.4 

220.7 

2.35 

25.0 

398.6 

18.5 

171.4 

6.5 

227.2 

2.51 

24.6 

423.2 

18.7 

190.1 

5.9 

233.1 

2.66 

25.0 

448 . 2 

19.5 

209.6 

5.5 

238 . 6 

2.82 

24.4 

472.6 

18.7 

228.3 

5.7 

244.3 

2.97 

25.1 

497.7 

19.5 

247.8 

5.6 

249.9 

3.13 

24.5 

522.2 

19.0 

266.8 

5.5 

255.4 

3.28 

24.4 

546.6 

19.0 

285.8 

5.4 

260.8 

3.44 

9.5 

556.1 

7.5 

293.3 

2.0 

262.8 

3.50 

25.1 

581.2 

20.0 

313.3 

5.1 

267.9 

3.66 

24.4 

605.6 

19.5 

332.8 

4.9 

272.8 

3.81 

24.6 

630.2 

19.9 

352.7 

4.7 

277.5 

3.96 

24.0 

654.2 

19.5 

372.2 

4.5 

282.0 

4.11 

24.8 

679.0 

20.0 

392.2 

4.8 

286.8 

4.27 

24.5 

703.5 

20.0 

412.2 

4 . 5 

291.3 

4.43 

23.2 

726.7 

18.8 

431.0 

4.4 

295.7 

4.57 

c  3  eei  -  ;  ov  Micron 


18 I  -  w*\b 


0.21 

fr.OX 


x.oex 


0.8V 

X.XSX 

V.T 

a.eax 

e.*s 

2.eex 

s.sss 

o.m 

e.VS 

X.dX 

a.es 

0.*S 

e.BS 

e.*s 

a.8ee 

0.5i 

' .  r ,  ? 

d.t>s 

0 , 2S 

X.2S 

e.^s 

2.e 

X.2S 

;  .  i>£ 

d.t>£ 

O.frS 

o.er* 

8.&S 

2 .  EOT 

TABLE  5-A 


(cont ' d) 


AQ 

P 

0 

~p 

AW 

P 

W 

P 

AN 

P 

N 

P 

ONPV 

24.5 

751.2 

19.9 

450.9 

4.6 

300.3 

4.73 

24.5 

775.7 

20.0 

470.9 

4.5 

304.8 

4.88 

24.7 

800.4 

20.4 

491.3 

4.3 

309.1 

5.03 

24.0 

824.4 

19.6 

510.9 

4.4 

313.5 

5.19 

24.0 

848.4 

19.6 

530.5 

4.4 

317.9 

5.34 

24.1 

872.5 

20.0 

550.5 

4.1 

322.0 

5.49 

23.5 

896.0 

19.5 

570.0 

4.0 

326.0 

5.64 

26.1 

922.1 

21.5 

591.5 

4.6 

330.6 

5.80 

24.5 

946.6 

20.5 

612.0 

4.0 

334.6 

5.95 

22.0 

968.6 

18.5 

630.5 

3.5 

338.1 

6.09 

101.0 

1069.6 

84 . 0 

714.5 

17.0 

355.1 

6.73 

86.4 

1156.0 

72.1 

786.6 

14.3 

369.4 

7.27 

*209.0 

1365.0 

167.5 

954.1 

41.5 

410.9 

8.59 

*  Production  after  injection  ceased 


*.8*8 

o.eaci 


*.38 

o.eos* 


■ — , 


TABLE  5-B 


RUN  NO .  5 


QNPV 

OHPV 

QDPV 

F 

rwo 

ONPV 

OHPV 

ODPV 

0.49 

0.59 

1.41 

0.0 

0.49 

0.59 

1.41 

0.65 

0.78 

1.85 

0.06 

0.64 

0.77 

1.83 

0.76 

0.92 

2.19 

0.24 

0.73 

0.88 

2.10 

0.91 

1.10 

2.63 

0.47 

0.83 

1.01 

2.40 

1.07 

1.29 

3.06 

0.68 

0.93 

1.12 

2.66 

1.22 

1.47 

3.50 

0.92 

1.00 

1.21 

2.88 

1.40 

1.69 

4.02 

1.30 

1.08 

1.31 

3.11 

1.55 

1.88 

4.47 

1.53 

1.14 

1.38 

3.29 

1.73 

2.09 

4.97 

1.68 

1.21 

1.46 

3.48 

1.88 

2.27 

5.40 

2.18 

1.26 

1.52 

3.61 

2.03 

2.45 

5.83 

2.38 

1.30 

1.57 

3.74 

2.20 

2.65 

6.32 

2.54 

1.35 

1.63 

3.87 

2.35 

2.84 

6.75 

2.80 

1.39 

1.68 

3.99 

2.51 

3.03 

7.21 

2.85 

1.43 

1.73 

4.11 

2.66 

3.21 

7.65 

3.17 

1.47 

1.77 

4.21 

2.82 

3.40 

8.10 

3.55 

1.50 

1.81 

4.31 

2.97 

3.59 

8.54 

3.28 

1.54 

1.86 

4.42 

3.13 

3.78 

9.00 

3.48 

1.57 

1.90 

4 . 52 

3.28 

3.97 

9.44 

3.46 

1.61 

1.94 

4.62 

3.44 

4.15 

9.88 

3.52 

1.64 

1.98 

4.72 

3.50 

4.22 

10.05 

3.75 

1.65 

2.00 

4.75 

3.66 

4.41 

10.51 

3.92 

1.69 

2.03 

4.84 

3.81 

4.60 

10.95 

3.98 

1.72 

2.07 

4.93 

3.96 

4.79 

11.39 

4.23 

1.75 

2.11 

5.02 

4.11 

4.97 

11.83 

4.33 

1.77 

2.14 

5.10 

4.27 

5.16 

12.28 

4.17 

1.80 

2.18 

5.19 

4.43 

5.34 

12.72 

4.44 

1.83 

2.21 

5.27 

4.57 

5.52 

13.14 

4.27 

1.86 

2.25 

5.35 

4.73 

5.70 

13.58 

4.33 

1.89 

2.28 

5.43 

4.88 

5.89 

14.02 

4.44 

1.92 

2.31 

5.51 

5.03 

6.08 

14.47 

4.74 

1.94 

2.35 

5.59 

5.19 

6.26 

14.90 

4.46 

1.97 

2.38 

5.67 

5.34 

6.44 

15.34 

4.46 

2.00 

2.41 

5.75 

5.49 

6.63 

15.77 

4.88 

2.03 

2.45 

5.82 

5.64 

6.80 

16.20 

4.88 

2.05 

2.48 

5.89 

5.80 

7.00 

16.67 

4.67 

2.08 

2.51 

5.98 

5.95 

7.19 

17.11 

5.13 

2.10 

2.54 

6.05 

6.09 

7.36 

17.51 

5.29 

2.13 

2.57 

6.11 

6.73 

8.12 

19.34 

4.94 

2.23 

2.70 

6.42 

7.27 

8.78 

20.90 

5.04 

2.32 

2.81 

6.68 

*8.59 

10.36 

24.68 

4.04 

2.58 

3.12 

7.43 

e*.o 


sv.e 

*5.8 

es.e 

c  v 

sv.e 

8£.e 

50.01 

dd. e 

£  8. II 

vs.* 

SV.SI 

S2.5 

vs.* 

85. ex 

5,0.  M 

QS  .31 


*3.5 

se.5 


TABLE  6 


ISOLATED  NORMAL  FIVE-SPOT 


Injection  Rate  =  400  cc/hr/well 


o 

• 

1 — 1 

Planimeter 

Sq »  inch  = 

83.88  Sq . 

inches  on  the 

model 

Run 

No. 

Back 

Pressure 
(cm  of 
water ) 

QNPV 

Planimeter 

Area 

(sq.  inch) 

Area 

Swept 

(sq . inch) 

E 

as 

(fraction) 

0.66 

1.010 

84.7 

1.32 

1 

0 

1.49 

2.580 

216.4 

3.38 

2.78 

4 . 279 

358.9 

5.61 

6.29 

5.666 

475.3 

7.43 

0.69 

1.215 

101.9 

1.59 

1.03 

1.817 

152.4 

2.38 

2 

15.6 

1.52 

2.591 

217.3 

3.40 

2.65 

4.053 

340.0 

5.31 

6.39 

5.602 

469.9 

7.34 

0.65 

1.118 

93.8 

1.47 

o 

67.7 

1.91 

3.290 

276.0 

4.31 

3.38 

4.892 

410.3 

6.41 

6.20 

5.849 

490.6 

7.67 

4 

104.4 

0.73 

1.39 

2.67 

4.62 

1.354 

3.064 

5.010 

6.268 

113.6 

257.0 

420.2 

525.8 

1.78 

4.02 

6.57 

8.22 

0.76 

1.376 

115.4 

1.80 

1  ClA  A 

1.88 

3.581 

300.4 

4.69 

D 

1U4  e  4 

3.49 

4.710 

395.1 

6.17 

6.09 

5.817 

487.9 

7.62 

. 


- 


TABLE  7 -A 


RUN  NO .  6 

FOUR  INVERTED  FIVE-SPOT 


N  =  1373  cc 

S  .  =  0.8475 

Ol 

L  =  4  inch  =  10.16  cm 

S  =  0.1525 

wc 

d/r  =90.5 
w 

q  =  320  cc/hr/well  = 

1280  cc/hr 

h  =  1 . 1 7  cm 

av 

Network  Pore  Volume 

=  159  cc 

Porosity  =  32.9% 

Network  HCPV  =  159  x 

0.8475=134.75 

Back  Pressure  =  21.5 

cm  of  water 

AO 

~P 

0 

~P 

AW 

P 

W 

P 

AN 

P 

N 

P 

QNPV 

110.7 

110.7 

1.5 

1.5 

109.2 

109.2 

0.70 

108.7 

219.4 

14.6 

16.1 

94.1 

203.3 

1.38 

118.4 

337.8 

67.5 

83.6 

50.9 

254.2 

2.13 

105.2 

443.0 

78.2 

161.8 

27.0 

281.2 

2.79 

104.4 

547.4 

85.7 

247.5 

18.7 

299.9 

3.44 

98.4 

645.8 

80.6 

328.1 

17.8 

317.7 

4.06 

99.2 

745.0 

86.7 

414.8 

12.5 

330.2 

4.69 

112.0 

857.0 

85.1 

499.9 

26.9 

357.1 

5.39 

88.7 

945.7 

82.5 

582.4 

6.2 

363.3 

5.95 

97.4 

1043.1 

91.4 

673.8 

6.0 

369.3 

6.56 

98.0 

1141.1 

92.6 

766.4 

5.4 

374.7 

7.18 

99.8 

1240.9 

93.6 

860.0 

6.2 

380.9 

7.80 

93.6 

1334.5 

86.1 

946.1 

7.5 

388.4 

8.39 

58.4 

1392.9 

54.8 

1000.9 

3.6 

392.0 

8.76 

aaaAT 


- - 


. 


Vi 


id\ oo  08SX  *  Il9w\iri\oo  0 ££  -  p 


.^£i*ev^8.o  x  eai  -  v^dh  ^owieM 


s.eox 

w 

d.£8 

V.8X 

e.v*£ 

X  .  8  £  £ 

a.sx 

e.ds 

£.£82 

e.08£ 

mo  U.X 


.QA 


T.OXX 


a.vd 

8. TEE 

>.8XX 

S.8V 

s.eox 

*.*0X 

0.V28 

0.2XX 

2.28 

v.2*e 

V.  B8 

d.se 

i  •  i 

e.o*sx 

2.*££X 


8.ee 


TABLE  7-B 


RUN  NO .  6 


QNPV 

QHPV 

QDPV 

F 

wo 

ONPV 

OHPV 

ODPV 

0.70 

0.82 

1.42 

0.01 

0.69 

0.81 

1.40 

1.38 

1.63 

2.81 

0.16 

1.28 

1.51 

2.60 

2.13 

2.51 

4.32 

1.33 

1.60 

1.89 

3.25 

2.79 

3.29 

5.67 

2.90 

1.77 

2.09 

3.60 

3.44 

4.06 

7.00 

4.58 

1.89 

2.23 

3.84 

4.06 

4.79 

8  o  26 

4.53 

2.00 

2.36 

4.07 

4.69 

5.53 

9.53 

6.94 

2.08 

2.45 

4.23 

5.39 

6.36 

10.97 

3.16 

2.25 

2.65 

4.57 

5.95 

7.02 

12.10 

13.31 

2.29 

2.70 

4.65 

6.56 

7.74 

13.35 

15.23 

2.32 

2.74 

4.73 

7.18 

8.47 

14.60 

17.15 

2.36 

2.78 

4.79 

7.80 

9.21 

15.88 

15.10 

2.40 

2.83 

4.87 

8.39 

9.90 

17.08 

11.48 

2.44 

2.88 

4.97 

8.76 

10.34 

17.82 

15.22 

2.47 

2.91 

5.02 

EX.S 

vc.o:. 

23.* 

K  £ 

es.ex 

ex.n 

V*.8 

i£.e 

TABLE  8 -A 


RUN  NO .  7 

FOUR  INVERTED  FIVE-SPOT 


N  =  1373  cc  S  .  =  0.8475 

oi 

L  =  4  inch  =  10.16  cm  S  =  0.1525 

wc 

d/r  =90.5  q  =  480  cc/hr/well  =  1920  cc/hr 

w 

h  =  1.17  cm  Network  Pore  Volume  =  159  cc 

av 

Porosity  =  32.9%  Network  HCPV=159  x  0.8475=134.75  cc 

Back  Pressure  =  21.5  cm  of  water 


AO 

~P 

QP 

AW 

P 

W 

P 

AN 

P 

N 

P 

QNPV 

129.5 

129.5 

2.6 

2.6 

126.9 

126.9 

0.81 

111.5 

241.0 

35.6 

38.2 

75.9 

202.8 

1.52 

125.6 

366.6 

74.8 

113.0 

50.8 

253.6 

2.31 

121.0 

487.6 

88.6 

201.6 

32.4 

286.0 

3.07 

136.9 

624.5 

110.2 

311.8 

26.7 

312.7 

3.93 

115.1 

739.6 

96.1 

407.9 

19.0 

331.7 

4.65 

120.9 

860.5 

104.5 

512.4 

16.4 

348.1 

5.41 

117.8 

978.3 

104.5 

616.9 

13.3 

361.4 

6.15 

102.0 

1080.3 

90.4 

707.3 

11.6 

373.0 

6.79 

119.7 

1200.0 

106.5 

813.8 

13.2 

386.2 

7.55 

112.3 

1312.3 

101.3 

915.1 

11.0 

397.2 

8.25 

76.0 

1388.3 

69.3 

984.4 

6.7 

403.9 

8.73 

19.6 

1407.9 

16.3 

1000.7 

3.3 

407.2 

8.86 

TO'':?-'  vn  a3T5i:TW!I  £  ’  -  • 


em.o 


esei.o 


oo  eei  «  ^inuiov  e*oq  toovtfsw 
et .  Ki^ev*8.o  x  eex*vqDH 


w  5o  mo  2.IS  s  9^U82eiq  JtOBfl 


w 


#e.st  -  ^ieoioq 


WA  0 

e.dsi 

0  .£11 

8.*V 

a.esi 

&.££,-  ; 

d.sa 

d.V8* 

ea.* 

d.eav 

e.M)  i 

e.osi 

e.*oi 

8. VII 

£.0801 

v.en 

£ .  SIEI 

£  .£11 

£.88£X 

e.von 

TABLE  8-B 


RUN  NO .  7 


QNPV 

QHPV 

QDPV 

F 

wo 

ONPV 

OHPV 

ODPV 

0.81 

0.96 

1.66 

0.02 

0.80 

0.94 

1.62 

1.52 

1.79 

3.08 

0.47 

1.28 

1.51 

2.60 

2.31 

2.72 

4.69 

1.47 

1.60 

1.88 

3.25 

3.07 

3.62 

6.24 

2.74 

1.80 

2.12 

3.66 

3.93 

4.64 

7.99 

4.13 

1.97 

2.32 

4.00 

4.65 

5.49 

9.46 

5.06 

2.09 

2.46 

4.24 

5.41 

6.39 

11.01 

6.37 

2.19 

2.58 

4.45 

6.15 

7.26 

12.52 

7.86 

2.27 

2.68 

4.62 

6.79 

8.02 

13.82 

7.79 

2.35 

2.77 

4.77 

7.55 

8.91 

15.35 

8.07 

2.43 

2.87 

4.94 

8.25 

9.74 

16.79 

9.21 

2.50 

2.95 

5.08 

8.73 

10.30 

17.76 

10.34 

2.54 

3.00 

5.17 

8.86 

10.45 

18.01 

4.94 

2.56 

3.02 

5.21 

VTOQ 


d0.2 


10. IX 


ae.o 

18.0 

ev.x 

se.x 

sv.s 

I£.S 

sa.e 

V0.£ 

ee.e 

ef-.e 

ea.* 

e£.a 

d8.V 

S12.SI 

16.8 

TABLE  9 -A 


RUN  NO .  8 


FOUR  INVERTED  FIVE-SPOT 


N  =  1373  cc  S  .  =  0.8475 

oi 

L  =  4  inch  =  10.16  cm  S  =  0.1525 

wc 

d/r^  =90.5  q  =  560  cc/hr/well  =  2240  cc/hr 

h  =  1.17  cm  Network  Pore  Volume  =  159  cc 

av 

Porosity  =  32.9%  Network  HCPV=159  x  0.8475=134.75  cc 

Back  Pressure  =  21.5  cm  of  water 


AQ 

P 

0 

~P 

AW 

P 

W 

P 

AN 

P 

N 

P 

QNPV 

126.8 

126.8 

2.5 

2.5 

124.3 

124.3 

0.80 

117.0 

243.8 

46.8 

49.3 

70.2 

194.5 

1.53 

166.2 

410.0 

101.3 

150.6 

64.9 

259.4 

3.04 

162.0 

572.0 

123.6 

274.2 

38.4 

297.8 

3.60 

143.3 

715.3 

120.8 

395.0 

22.5 

320.3 

4.50 

160.0 

875.3 

136.9 

531.9 

23.1 

343.4 

5.51 

176.7 

1052.0 

153.8 

685.7 

22.9 

366.3 

6.62 

152.4 

1204.4 

135.2 

820.9 

17.2 

383.5 

7.58 

156.3 

1360.7 

140.0 

960.9 

16.3 

399.8 

8.56 

26.3 

1387.0 

21.0 

981.9 

5.3 

405.1 

8.72 

0.0 I* 

— "  \ 

o.seoi 

T.dtl 

o.xs 

TABLE  9-B 


RUN  NO .  8 


QNPV 

QHPV 

QDPV 

F 

wo 

ONPV 

OHPV 

ODPV 

0.80 

0.94 

1.62 

0.02 

0.78 

0.92 

1.59 

1.53 

1.81 

3.12 

0.67 

1.22 

1.44 

2.49 

2.58 

3.04 

5.25 

1.56 

1.63 

1.93 

3.32 

3.60 

4.25 

7.32 

3.22 

1.87 

2.21 

3 . 81 

4.50 

5.31 

9.15 

5.37 

2.01 

2.38 

4.10 

5.51 

6.50 

11.20 

5.93 

2.16 

2.55 

4.39 

6.62 

7.81 

13.46 

6.72 

2.30 

2.72 

4.69 

7.58 

8.94 

15.41 

7.86 

2.41 

2.85 

4.91 

8.56 

10.10 

17.41 

8.59 

2.51 

2.97 

5.12 

8.72 

10.29 

17.75 

3.96 

2.55 

3.01 

5.18 

— 


TABLE  10 


FOUR 

INVERTED 

FIVE-SPOT 

Back 

Pressure  =  21. 

5  cm  of  water 

1.0 

Planimeter  Sq. 

inch  =  83 

.88  Sq.  inches 

on  the  model 

Run 

Injection 

QNPV 

Planimeter 

Area 

E 

as 

No. 

Rate 

Area 

Swept 

(cc/hour ) 

(sq . inch) 

(sq.inch) (fraction 

1.38 

2.010 

168.60 

2.63 

3.44 

3.172 

266.07 

4.16 

6 

1280 

5.95 

3.763 

315.64 

4.93 

8.39 

4.258 

357.16 

5.58 

1.52 

2.150 

180.34 

2.82 

3.93 

3.440 

288.55 

4.51 

7 

1920 

6.79 

4.182 

350.79 

5.48 

8.73 

4.376 

367.06 

5.735 

1.53 

2.053 

172.21 

2.69 

8 

2240 

4.50 

3.462 

290.39 

4.47 

8.56 

4.247 

356.24 

5.57 

Toqs-avi*?  a  ’HavwiHUoq 
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TABLE  11 


INNER  NORMAL  FIVE-SPOT  OF  FOUR  INVERTED  FIVE-SPOT 

H  =  1.25  cm 

av 

Network  Pore  Volume  =  10.16  x  10.16  x  1.25  x  0.329  =  42.45  cc 
Network  HCPV  =  42.45  x  0.8475  =  35.98  -  36.0  cc 


AQ  Q  AW  W  AN  N  QHPV  OHPV 

P  P  P  P  P  P 


Run  No .  6 


24.0 

24.0 

0.0 

0.0 

24.0 

24.0 

0.67 

0.67 

17.4 

41.4 

0.0 

0.0 

17.4 

41.4 

1.15 

1.15 

11.6 

53.0 

1.0 

1.0 

10.6 

52.0 

1.47 

1.44 

6.7 

59.7 

0.8 

1.8 

5.9 

57.9 

1.66 

1.61 

7.0 

66.7 

4.6 

6.4 

2.4 

60.3 

1.85 

1.68 

0.9 

67.6 

0.1 

6.5 

0.8 

61.1 

1.88 

1.70 

2.2 

69.8 

1.7 

8.2 

0.5 

61.6 

1.94 

1.71 

1.3 

71.1 

1.0 

9.2 

0.3 

61.9 

1.98 

1.72 

2.8 

73.9 

2.5 

11.7 

0.3 

62.2 

2.05 

1.73 

0.7 

74.6 

0.5 

12.2 

0.2 

62.4 

2.07 

1.73 

4.0 

78.6 

3.5 

15.7 

0.5 

62.9 

2.18 

1.75 

2.8 

81.4 

2.5 

18.2 

0.3 

63.2 

2.26 

1.76 

3.0 

84.4 

2.5 

20.7 

0.5 

63.7 

2.34 

1.77 

Run  No 

.  7 

19.7 

19.7 

0.0 

0.0 

19.7 

19.7 

0.55 

0.55 

9.1 

28.8 

0.6 

0.6 

8.5 

28.2 

0.80 

0.78 

7.5 

36.3 

1.9 

2.5 

5.6 

33.8 

1.01 

0.94 

7.6 

43.9 

5.8 

8.3 

1.8 

35.6 

1.22 

0.99 

8.3 

52.2 

6.6 

14.9 

1.7 

37.3 

1.45 

1.04 

7.6 

59.8 

6.4 

21.3 

1.2 

38.5 

1.66 

1.07 

7.9 

67.7 

6.4 

27.7 

1.5 

40.0 

1.88 

1.11 

8.4 

76.1 

7.0 

34.7 

1.4 

41.4 

2.11 

1.15 

6.9 

83.0 

5.5 

40.2 

1.4 

42.8 

2.31 

1.19 

8.9 

91.9 

7.5 

47.7 

1.4 

44.2 

2.55 

1.23 

8.2 

100. 1 

7.0 

54.7 

1.2 

45.4 

2.78 

1.26 

5.5 

105.6 

4.7 

59.4 

0.8 

46.2 

2.93 

1.28 

' 


.  v:  j mo  as. i  -  V(t« 
a.  .st>  -  ese.o  x  es.x  x  ax. ox  x  ax. ox  =  smoxov  sm?  ^owisM 
oo  o.ae  »  se.ae  -  am.o  xa*.s>  -  v<ioh  j^ow^sh 


d  .ow  m/H 


0.0 

0.*S 

o.*s 

ex ,  l 

*.  X* 

0.0 

*.X& 

& .  vx 

9 

o.x 

o.x 

0 .  £  i 

a .  XX 

dd.X 

e.2 

8.X 

v.ee 

v .  a 

28  .  X 

*.S 

fr.d 

a.* 

v  .aa 

0 .  V 

88.X 

x.o 

a.  va 

e.o 

S.8 

v.x 

s  .s 

X .  X  V 

£ .  X 

V.XX 

e.s 

8.S 

S.SX 

2.0 

a . 

V.  0 

8X .  £ 

2.0 

v.ex 

2.e 

0 .  i> 

fr.I8 

8  •  S 

~  v  . : 

^ .  &8 

0 .  £ 

v.ex 

a.o 

8.8S 

2.S 

o.x 

£ .  ax 

2  .V 

£  .8 

a .  v 

e.fcx 

s  .se 

£  •  8 

2.8£ 

8.02 

a .  r 

V.  vs 

0  .V 

£.X£ 

k.  8 

2.2 

o.a 

V  .V 

2 .  V 

0.8 

8  S.X 

V.&2 

X  .0(  I 

S.8 

TABLE  11 


(cont ' d) 


AQ  O  AW  W  AN 

~P  ~P  P  P  P 


N  OHPV  OHPV 

P 


Run  No .  8 


15.9 

15.9 

0.0 

0.0 

15.9 

15.9 

0.44 

0.44 

5.6 

21.5 

0.0 

0.0 

5.6 

21.5 

0.60 

0.60 

2.5 

24.0 

0.0 

0.0 

2.5 

24.0 

0.67 

0.67 

2.5 

26.5 

1.0 

1.0 

1.5 

25.5 

0.74 

0.71 

10.2 

26.7 

9.0 

10.0 

1.2 

26.7 

1.02 

0.74 

11.9 

48.6 

10.7 

20.7 

1.2 

27.9 

1.35 

0.78 

13.2 

61.8 

12.0 

32.7 

1.2 

29.1 

1.72 

0.81 

10.8 

72.6 

10.0 

42.7 

0.8 

29.9 

2.02 

0.83 

10.1 

82.7 

9.4 

52.1 

0.7 

30.6 

2.30 

0.85 

2.7 

85.4 

2.4 

54.5 

0.3 

30.9 

2.37 

0.86 

SLlflAI 


(b'^noo) 


8  .oW  nufl 

....  — —  * 


e.2i 

0.0 

e.2i 

e.2i 

5.  IS 

".o 

0.0 

8 . 6 

o.*s 

0.0 

0.0 

o.*s 

e.as 

e.i 

'(.x 

o.x 

2  •  £ 

V  .  ) 

£0.1 

t.8£ 

o.ox 

£  .CX 

2E.X 

t.os 

t.OX 

8 . 8£ 

8 .  II 

£t.X 

x.es 

S.  I 

t.sc 

O.SI 

8.18 

S  .EX 

£  .  s 

8.0 

t.st> 

0.01 

8. St 

8.01 

*.e 

t .  £8 

X .  OX 

e.oe 

.  0 

.  *2 

t  .£ 

